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Tue Second Conference on Semiconductor Sur- 
faces was held at the U.S. Naval Ordnance Labora- 
tory in Silver Spring, Maryland, on 2, 3 and 4 
December, 1959. The purpose of the Conference, 
like that of its Philadelphia predecessor, was to 
bring together scientists of various disciplines 
whose interest centered on semiconductor sur- 
faces. Six sessions were held. An entire session was 
devoted to newer techniques that have not as yet 
achieved widespread use in semiconductor surface 
studies. The session on clean surfaces of germanium 
and silicon indicated that this ideal was being 
approached through thermal or ionic etching and 
by cleaving. The theory of various surface proper- 
ties such as transport, noise and the origin of 
surface states was examined in some detail in the 
review papers on these subjects. Indicative of the 
shifting emphasis of the field, a session was spent 
on the surface properties of II-VI and III-V com- 
pounds. Surface chemistry and ordinary surfaces 
came in for their usual share of attention. Of in- 
terest is the trend to carry out surface measure- 
ments over fairly wide temperature ranges. More 
detailed analyses of the various surface parameters 
should be possible with these added measurements. 

There will be three publications issued by the 
Conference, each one serving a different but use- 
ful purpose. The first publication was the Pro- 
gram, consisting of the abstracts and papers. 
Almost 70 per cent of the papers presented were 
included in the Program which was distributed 3 
weeks before the meeting. The second publication 
of the Conference is this volume of The Physics 
and Chemistry of Solids. Except for some especially 
pertinent points, the discussion has been deferred 
to the third publication, a hard-cover book, which 
will be published by Pergamon Press in a few 
weeks. The purpose of this division of the 
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Chairman, Steering Committee 


Proceedings is to get the widest and most rapid dis- 
semination for these papers while still having the 
full Proceedings available for those interested in 
the details of the discussion. In order to insure the 
rapid publication of these papers, the Editorial 
Committee made some minor corrections on the 
manuscripts. 

The total attendance was 175, of whom 164 were 
from the United States and the remaining 11 from 
six countries overseas. Surprisingly enough, 11 
of the 43 papers in the Proceedings are from over- 
seas, although there is not a one-to-one corre- 
spondence between delegates and papers. 

A number of organizations and individuals 
played important parts in the successful conduct 
of the Conference. The Steering Committee would 
like to acknowledge the role of the U.S. Naval 
Ordnance Laboratory, which served as both host 
and co-sponsor for the Conference. Numerous 
Laboratory personnel contributed significantly to 
the Conference. Particular mention should be made 
of the work of Mr. A. M. Evksnis for publishing 
the 400-page Program in 2 weeks; Dr. F. STERN 
and the Solid State Division office staff for their 
co-operation on arrangements; Dr. R. F. GREENE, 
who was Treasurer and Program Chairman, for his 
work on arrangements; and Dr. E. J. Scorrt, 
Conference Secretary, for organizing the papers 
and discussion. 

Substantial financial support, so necessary for 
topical conferences of this type, was provided by 
the Naval Ordnance Laboratory and the Office of 
Naval Research. The contributions of a number 
of corporations are also gratefully acknowledged. 

Finally, the Steering Committee would like to 
express its thanks to the authors whose promptness 
and co-operation made this rapid publication 
possible. 
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INTRODUCTORY REMARKS 


WALTER H. BRATTAIN 
Bell Telephone Laboratories 


Dr. HarRTMANN, Dr. ZEMEL, MEMBERS OF THE 
CONFERENCE: 

It’s really unnecessary that I’m up here. It looks 
like the Conference has been very well organized. 
To date, at least, I haven’t heard any beefs. We 
certainly should all express our gratitude to the 
Naval Ordnance Laboratory and Dr. ZeMEL for 
organizing this Conference. 

You've all heard me comment on what might be 
done with study of the surface, the importance of 
it. I won’t bore you by saying these things again, 
but I would like to make a few remarks about the 
papers to be presented. The papers are interesting. 
I have at least read most of the abstracts and looked 
in more detail at some of the papers. It disappoints 
me at this state of the art to see so many papers in 
which either one is working solely with a surface 


in which one can only measure the physics of the 
surface without any knowledge of what’s going on 
chemically, or at the other extreme one is working 


with a semiconductor surface with which _ the 
physicist could not possibly tell you what the 
surface was like, or even what the body properties 
were like, paying attention solely to the chemistry. 
The hope of this field, of course, is that somewhere 
along the line we’ll learn to do both the chemistry 
and the physics on the same surface at the same 
time and from the results reach a new level of 
understanding of surface phenomena. 

There are, of course, bright spots that one can 
see. Some of us are devising new techniques. 


People are beginning to make better use of the 
known techniques as well as devising newer and 
better ways of getting at what’s going on on the 
surface. Another bright spot is that maybe we are 
approaching the ideal situation where we have a 
clean surface to start with. May I suggest that for 
a semiconductor one needs a new definition of 
what is meant by a clean surface. In the old days 
of thermionics a clean surface was something that 
had not more than at most say a hundredth of a 
monolayer of foreign material on the surface. This 
would be quite clean thermionically. I’d just like 
to make the point that if you take that hundredth 
of a monolayer and allow it to diffuse into a depth 
of approximately 10-4cm that you have in most 
cases a nearly degenerate semiconductor surface, 
and that this is not what we would like to define as 
a clean semiconductor surface. What we'd like to 
have in a clean semiconductor surface is a surface 
in which the chemical constitution is uniform, or 
homogeneous, from say the second layer of atoms 
into the interior, and at the same time not much 
more than a hundredth of a monolayer on the sur- 
face. But that’s one of the bright spots of the 
Conference. We are at least aware of the need for 
such a definition. How close we are to such a sur- 
face I will leave for you to decide after you have 
heard the various papers on this phase of the work. 
I think now I'd better close and let all of you get 
on with the Conference. May I wish all the speakers 
the best of luck. May they convince you if they can. 
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SECTION I. CLEANED SURFACES OF GERMANIUM AND 
SILICON 


ENERGY LEVEL DIAGRAMS FOR GERMANIUM AND 
SILICON SURFACES* 


P, HANDLER 


University of Illinois, Urbana, Illinois 


Abstract—The concept of localized atomic orbitals has been used to show how the structure and 


type of binding of surface atoms to the crystal may affect the energy level diagram of the surface 
region. In particular it has been shown in a qualitative way that the s or p character of the non- 
bonding orbitals of the surface atoms may determine the energy of the surface state bands and the 
type of space charge region at cleaned germanium and silicon surfaces. 

The transport data of the p-type space charge region of the cleaned germanium have been used 
to determine the parameters, No, the density of states per cm? eV, and (Er—E£o), the degree of de- 
generacy of a two-dimensional surface state band. Using the value of these parameters obtained 
from the transport data and the simple model of a two-dimensional surface state band, it has been 
shown that the linear temperature dependence of the thermionic emission data of Allen on silicon 


may be predicted to within a factor of 20r3. 


1. INTRODUCTION 
DurING the past few years a great amount of 
experimental work has been performed on cleaned 
silicon and germanium surfaces. The results of 
these experimental investigations have allowed us 
to develop a crude qualitative picture. This 
picture describes the cleaned surface as containing 
a degenerate p-type space charge region and sur- 
face atoms which act as acceptors. It is in fair 
agreement with most of the past data and also with 
the data presented in the papers of this Conference. 
Unfortunately, this picture is somewhat clouded 
by the results of the group of workers at Bell 
Telephone Laboratories®) who have shown that 
boron from the glasses of the vacuum system may 
contaminate the semiconductor by introducing a 
p-type layer at the surface, several microns in 
depth. While this is quite an important effect, I 
believe it will not change the qualitative aspects of 
the picture outlined above. This view is borne out 
for example by the results on cleaved surfaces 


* This research was supported by the Office of Naval 
Research. 
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presented by PALMER ef al.) in this Conference. 
Their results on the conductivity and field effect 
of a cleaved germanium surface are in very good 
qualitative agreement with the results of 
HANDLER®) and FormMAN™), who cleaned their 
surfaces by means of ion bombardment and sub- 
sequent annealing. 

In this paper we will assume that this qualitative 
model of the surface is correct and we shall discuss 
the physical structure and energy level diagrams 
which may be associated with this model. In 
Section 5 of the paper it will be shown how some 
parameters of the surface, derived from con- 
ductivity experiments, may be used to predict the 
temperature dependence of the thermionic work 
function of silicon. 


2. STRUCTURE OF THE SURFACE 

One of the most important prerequisites for a 
fundamental understanding of the surface is our 
knowledge of its structure. Although structure 
may be inferred by many methods, our principal 
source of information during the last few years has 
been the work of FARNSworTH and his colleagues“) 
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at Brown University. To a rough first approxima- 
tion their results indicate that the surface lattice 
is very close to what one would expect if the volume 
structure of the crystal were terminated in a plane. 
In addition, there are other smaller effects such as 
the half integral order diffraction beams in the 
(110) azimuths of the (100) face. These beams 
have been interpreted by FARNswoRTH as indi- 
cating that adjacent rows of atoms in the (110) 
direction have moved closer together to form 
single or double bonds. Effects of this nature seem 
probable on the (100) surface since each surface 
atom has two non-bonding orbitals available and 
without some sort of bonding the surface would 
be in a very unstable state. One should expect the 
line shape and intensity of the half integral order 
beams to be different from the integral order 
beams and this is in fact the case.) The half in- 
tegral order beams are lower in intensity and wider 
in breadth. It would be interesting to see if further 
analysis of the data could be used to show that the 
half integral order beams result from the scatter- 
ing of electrons from two atoms while the integral 
orders result from scattering of electrons from one 
atom. In a similar manner it would be interesting 
to know whether it is possible to distinguish be- 
tween a monolayer of oxygen atoms in a regular 
lattice and the normal lattice of the host crystal. 
Unfortunately, our theoretical understanding of 
low energy electron diffraction is still poor. It is 
hoped that progress will be made in this field since 
it is so very important for an accurate determina- 
tion of the true energy level diagram of a surface. 
In the next section it will be shown why greater 
sensitivity in the electron diffraction techniques 
is of such crucial importance in understanding 
semiconductor surfaces. For the purposes of 
this discussion, it will be assumed that the surface 
structure of a cleaned surface differs only very 
slightly from the normal tetrahedral arrangement. 


ENERGY LEVEL DIAGRAM OF THE SURFACE 
REGION 
Our efforts to understand the surface of semi- 
conductors will eventually result in an energy level 
diagram. In this section we would like to discuss 
a simple model which may be useful in explaining 
some of the experimental data. This model re- 
quires the existence of two adjacent bands, one 
filled and one empty and differs from the 
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discussion of GRIMLEY) who takes only one band 
into consideration. When only one band is con- 
sidered no space charge region can arise, even 
though surface states may be present. For a single 
filled band with surface states the charge density 
remains uniform through the surface and volume, 
since the volume states now have lower ampli- 
tudes near the surface. Therefore in order to 
account for the experimentally observed space 
charge regions more than one band must be taken 
into consideration. In what follows I will assume 
that the germanium and silicon crystals may both 
be considered a lattice of atoms having atomic 
properties. 

If we consider the isolated column IV atom, 
it contains four valence electrons which may 
be distributed among four atomic orbitals, one 
s and three p. If spin is included, then there 
are two s-states and six p-states. The s-states are 
lower in energy than the p-states. When combining 
chemically with other atoms the most common 
configuration is that of covalent tetrahedral co- 
ordination. The states of the valence electrons can 
be described by hybridized sp? wave functions 
which are a linear combination of the atomic 
s- and p-states. Of the original eight states, four 
are used in bonding to four neighboring atoms 
and four are raised in energy and called antibond- 
ing states. When the atoms are part of a large 
lattice, the discrete energy levels are broadened. 
In diamond type crystals, the four bonding states 
become part of the valence band, the four anti- 
bonding states become part of the conduction 
band and their difference in energy is described 
as the forbidden zone or energy gap of the semi- 
conductor. As an example we may consider an 
atom on the (111) surface. It has three bonds to 
the crystal and one non-bonding orbital. The 
latter contains two states, one which would have 
been part of the valence band and one which 
would have been part of the conduction band. 
When the non-bonding orbital is empty these two 
states become degenerate. 

Since the surface atom does not have a fourth 
bond, it will attempt to find a stable configuration 
by changing the character of its sp? bonds. One 
type of binding might be three pure p-bonds to 
the crystal and a non-bonding orbital which would 
be pure s as is shown in Fig. 1(a). The states of the 
non-bonding orbital by virtue of their s character 
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would have energies much lower than the normal 
valence band states in the volume of the crystal and 
therefore would give rise to a band of states either 
below the valence band or overlapping its bottom 
edge. Since the band lies below the top of the 
valence band, it would be filled with electrons 
from higher lying states. However, as each surface 
atom receives its fourth valence electron, the 
double degeneracy of the non-bonding orbital is 
lifted, so that the state for the fifth electron lies at 


(a) 


character, it will be assumed that the change in 
their energies is small compared to the change in 
the energies of the non-bonding orbital. It is 
possible, however, that the change may be large 
and then a second set of surface states would arise. 
The maximum of their wave functions would lie 
somewhat below the surface and this second set 
might be considered as subsurface states. While the 
effects of these subsurface states may be very im- 
portant, it will be assumed in the remainder of 


= 


(b) 


Fic. 1. (a) An atom on a (111) surface containing an s- 
type non-bonding orbital; (b) an energy level diagram 
for a(111) surface containing s-type non-bonding orbitals. 


a higher energy. This situation is very similar to 
the energy level diagram of a group V donor atom 
in the volume. When a donor atom is ionized, it 
may capture an electron from the conduction band 
with either spin and is therefore described as 
doubly degenerate. However, once the donor is 
deionized the coulombic potential well is removed, 
the binding energy of the next electron will be 
much smaller and the remaining state will have a 
much higher energy. The degeneracy is lifted and 
the binding energy of the last electron is usually 
an order of magnitude less than that of the first 
electron. One possible energy level diagram which 
might result from the pure s character of the non- 
bonding orbital is shown in Fig. 1(b). The band 
of states S; and S2 are made up from the atomic 
states of the non-bonding orbital. S; represents 
the lower set of states and Sz represents the upper 
set of states which have been split off. Although 
the bonds to the crystal have also changed their 


this paper that their energies lie within the limits 
of the valence band proper and may be neglected. 

A second type of bonding that might be con- 
sidered is one in which the atom in the (111) sur- 
face moves down to become coplanar with its 
three nearest neighbors as is shown in Fig. 2(a). 
The bonding to its neighbors would be sp? and the 
non-bonding orbital would be pure p in character 
and have a much higher energy. Generalizing the 
problem to that of a crystal again, the pure p-states 
would be broadened into two bands of states some- 
where above the valence band. Fig. 2(b) shows 
one possible energy level diagram for this situation. 
Other possible energy level diagrams might show 
P, and overlapping. 

Figures 1 and 2 represent two extreme types 
of bonding to the crystal. As one goes from a pure 
s non-bonding orbital through the sp? non-bond- 
ing orbital to a p non-bonding orbital, the bands of 
states represented by S; and Sz move up relative 
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to the valence band until they are represented by 
P, and P2 of Fig. 2(b). 

The energy level diagram of Fig. 1(b) will 
always give rise to a p-type space charge region 
while that of Fig. 2(b) may give rise to either an 
n-type or a p-type space charge region which will 
depend on the position of the P; band with respect 
to the Fermi energy. The P; band is donor in 
nature while the P2 band is acceptor in nature. 
Since the experimental data on germanium and 
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Fic. 2. (a) An atom on a (111) surface containing a p- 


a surface state and a volume state in the free 
electron model. For example if a state is perturbed 
out of the valence band, it becomes highly localized 
and may be considered a true surface state. How- 
ever, if the perturbation is not large enough to 
move the state out of its band, the state is still con- 
sidered part of the valence band but its energy is 


somewhat shifted. For the purposes of this paper 
the concept of a surface state will be generalized 
to include states in the forbidden energy band and 


type non-bonding orbital; (b) an energy level diagram 
for a (111) surface containing p-type non-bonding 


silicon indicate the existence of a p-type space 
charge region and since the coplanar configuration 
of Fig. 2(a) has not been observed, it seems 
reasonable to assume that Fig. 1(b) is a better 
representation than Fig. 2(b). It also indicates 
that the character of the non-bonding orbital is 
more s than sp?. The S; band is always filled and 
its structure may be determined from processes 
such as the Auger effect. Recently HacsrrumM™ 
has shown that the distribution of electrons 
ejected from cleaned germanium and silicon sur- 
faces in the Auger process exhibits two peaks. If 
the energy level diagram of Fig. 1(b) were correct 
then the higher energy peak would be associated 
with p or sp® localized orbitals which make up the 
bonds to the crystal and the lower peak would be 
associated with the s non-bonding orbitals or S 
band. It should be noted that once the band of 
surface states overlaps the valence band in energy, 
there is no longer any clear cut distinction between 


orbitals. 


also those states whose energies have been shifted 
from their normal values by virtue of their 
position at the surface. For a discussion of this 
point, the reader is referred to the paper by 
GrRIMLEY®) and the references therein. 

Although the Sz: band is almost completely 
empty, its occupation determines the properties 
of the space charge region. Therefore, by measur- 
ing the electronic transport properties of the space 
charge region, it is possible to determine the proper- 
ties of the Sy band in the vicinity of the Fermi 
energy. 

Similar considerations may be used to describe 
the energy level diagram of a zinc oxide crystal 
with an excess of zinc present at the surface. If we 
assume in this case complete ionic binding, the 
zinc atoms in the volume of the crystal are doubly 
charged positively. The oxygen atoms are doubly 
charge negatively, with eight electrons in their 
outer shell. The eight states (2 s and 6 p) of the 


: 
| 
| 
J | E 
| VU) 
E 1 OF 
-6 F 
| E, 
i \ 4 
\ \ \ 
\ \ 
\ 
| 
3 


ENERGY LEVEL DIAGRAMS FOR GERMANIUM AND SILICON SURFACES b 


oxygen atom make up the valence band of the 
crystal, while the states of the zinc atom are used 
to make up the states of the conduction band. The 
lowest lying states of the conduction band are most 
likely s in character. A zinc atom at the surface is 
not completely surrounded by oxygen atoms and 
the energy of its s-states lies somewhat lower than 
the s-states of zinc atoms in the volume. These 
surface zinc atoms would then have excess negative 
charge (be less than doubly charged positively) and 


it will be assumed that it is two dimensional and 
circular. Fig. 4 shows an enlarged view of the S»2 
band with respect to the valence band. Epo is the 
lowest value of the energy in So. The wave 
functions are assumed to be localized normal to 
the surface, but are free running waves in the 
directions parallel to it. This statement is only 
true if the occupation of the band is very small, 
since S» contains only half the normal states of a true 
energy band in a solid. FE; represents the highest 


Fic. 3. An energy level diagram for a zinc oxide crystal 
containing an excess of zinc. 


act as donors. If the s-states of the surface zinc 
atoms form a band, their energy level diagram 
might be like that shown in Fig. 3. The band of 
states is assumed to overlap the conduction band 
so that an 7-type region of space charge is formed at 
all temperatures. In a similar manner, if there is an 
excess of oxygen present, a band of states which 
overlap the valence band would be formed and a 
depletion region or exhaustion layer would exist 
at the surface. 

In conclusion, we see that in both ionic and 
covalent crystals, an n- or p-type space charge 
region may be formed. The nature of the surface 
will depend very strongly on its stoichiometry 
and on the character of its chemical bonds which 
the surface atom makes to the crystal. 

In order to compare the Sz band of Fig. 1(b) 
with the results obtained from experimental data, 


state in the valence band in the space charge region. 
If the width of the space charge potential well is 
greater than 100 A, Ey may coincide with Fy at the 
surface. If the width is less than 100 A, then the 
uncertainty principle requires that the first levels 
be somewhat above the bottom of the space charge 
potential well. This latter condition holds for clean 
germanium and silicon surfaces and indicates that 
the density of states as a function of energy in the 
space charge region may be different from the 
usual (energy)!/2 dependence assumed for the 
volume. 

The narrowness of the space charge potential 
well is such that the average distance of the holes 
from the surface region is less than the distance 
between charges trapped in surface states. For 
example, in a germanium surface containing 10!2 
electrons/cm?, the negative charges are about 
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100 A apart. The equal number of holes in the 
space charge region are also approximately 100 A 
apart but their mean distance from the surface is 
less than 25 A. Therefore a one dimensional dia- 
gram cannot adequately describe the region of 
space charge. In a three-dimensional picture, the 
holes would move in a potential well made up of 
a series of overlapping coulombic potentials whose 
centers are spaced 100 A apart. No attempt will be 
made in this paper to discuss this problem further 
and for the present it will be assumed that the one 
dimensional diagram of Fig. 4 is adequate. 


| 
- Volume — Region of - Surface 
Space Charge Region 


Fic. 4. An energy level diagram for either a cleaned ger- 
manium or a cleaned silicon surface. The surface state 


band is Se of Fig. 1. 


The density of states per cm? eV for a two- 
dimensional surface state band is given by 


h? 


and is independent of the energy. m* is an effective 
mass parameter and h is Plank’s constant. The 
number of electrons per cm? in Sg is just 


N=No dE (2) 
Eo 


where f(£) is the Fermi—Dirac distribution func- 
tion. Integrating equation (2) we have 


N = NokT (3) 
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where Fy is the Fermi energy, k is the Boltzmann 
constant and 7 is the absolute temperature. If 
(Er—Eo)/kT > 1, then equation (3) reduces to 


N = No(Ep—Eo) (4) 


and N is independent of temperature. Equation 
(4) is a low temperature approximation. If (Ep— 
Eo) kT <1, then 


N = NokT In (2) (5) 


Thus in the limit of high temperature N is directly 
proportional to the absolute temperature. If Ep 
were greater than FE), the top edge of the valence 
band, then 


(Er Eo)/RkT <0 
and 


N = NokT exp[—(£o— Er)/kT] (6) 
In this case, the band of states acts as if it were a 
discrete state of energy Eo with a density of NokT. 
It should be noted that most measurements made 
as a function of temperature are not accurate 
enough to distinguish the temperature dependence 
of the prefactor from that of the exponential factor 
in equation (6). 


4. THE REGION OF SPACE CHARGE 

One of the most important relationships between 
the region of space charge and the surface region 
is derived from the requirement of electrical 
neutrality. It is that the charge in each region must 
be equal in magnitude and opposite in sign. If no 
impurities are present, then for Fig. 4, the number 
of excess holes in the space charge region, P, must 
be equal to the number of electrons, N, in the 
surface state band. 


N=P (7) 


Since P and its temperature dependence are 
known, the quantities N, No and (Er—£) of 
equation (3) may be determined. P has been found 
to be equal to a few times 10!*/cm? by measure- 
ment of the Hall coefficient of a cleaned (100) 
germanium surface‘) at room temperatures. Also 
the conductivity as a function of temperature has 
been shown to be approximately constant over the 
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range 77°-300°K.®) (In the following discussion 
it must be remembered that most of the data‘: 8) 
are accurate only to a factor of 2 or 3.) The large 
value of P requires that the valence band be de- 
generate or nearly degenerate near the interface 
between the surface region and the space charge 
region. It is also expected that the mobility of the 
holes in this narrow space charge potential well 
will be relatively independent of temperature. The 
usual 7-1! dependence found for carriers in de- 
generate bands will be absent since the mode of 
scattering consists of collisions with the surface 
rather than collisions with the lattice in the form 
of phonons. If the mobility of the holes is inde- 
pendent of temperature, then P and WN are in- 
dependent of temperature and equation (4) can 
be used to represent the data. In equation (4) two 
parameters may be varied. If (K~— po) is made 
large to satisfy the temperature independence, 
then No will be small. This implies a very small 
effective mass for the electrons in the surface 
state band. Since the mobility of the electrons in 
the surface state band is usually assumed to be 
small, No should be chosen as large as possible. 
Therefore (E7—£ 9) should be chosen small but 
yet large enough to satisfy the condition 
(Epr—Eo)/kT > 1. It is found that a fair fit of the 
data can be made with (Er—Eo)~0-05 eV and 
No = 4x 10!8 states/cm? eV. Substituting this value 
of No into equation (1) we find that m* ~0-1 m, 
where m is the free electron mass. This value of 
m* is quite small, but it is the largest value which 
may be assumed which will be consistent with the 
temperature independent conductivity and the 
properties of the model assumed. If this two 
dimensional model has any validity, it should be 
useful in predicting other properties of the surface. 
In the next section it will be shown that the tem- 
perature dependence of the thermionic work 
function of a silicon surface can be predicted from 
this model using the values of the parameters No 
and (Ey—£ ) determined from the conductivity 
experiments. There is of course some question 
whether the parameters associated with a cleaned 
germanium surface can be applied to a cleaned 
silicon surface. Since these parameters are good 
to only a factor of 2 or 3, this variation may well 
take into account the actual differences between 
the germanium and silicon surfaces and the aniso- 
tropy of the various crystal faces. 


5. TEMPERATURE DEPENDENCE OF THE 
THERMIONIC WORK FUNCTION 
OF SILICON 

If the two dimensional surface state band exists 
at a cleaned silicon surface, it will contribute an 
additional dipole layer to the work function. This 
dipole layer consists of holes in the valence band 
and electrons in the surface states. As the tem- 
perature is raised electrons will be thermally 
excited from the valence band to the upper states 
of the surface state band. These thermally gener- 
ated electron hole pairs will then add to the dipole 
layer at the surface. Since the negative end of the 
dipole is pointing outward, the work function 
should increase with increasing temperatures. The 
portion of the work function due to the existence 
of the surface state band is given by 


Ad = (8) 


where N is defined in equation (3) and / is the 
mean distance between holes in the space charge 
region and electrons in the surface state band. 
Substituting equation (3) in equation (8) gives 


( glNok 


In exp[(Er— Eo) AT) T (9) 


At low temperatures where (Ep—E)/kT > 1 
Ad = —— (Er—£o) (10) 
€0 
At high temperatures, Eo)/kT < 1 and equa- 
tion (9) can be approximated by 
INok In (2 
T=BT (il) 


€0 


Since all the terms in the square bracket are tem- 
perature independent, with the possible exception 
of /, equation (11) indicates that the work function 
should be a linear function of the temperature. 
ALLEN) has measured the work function of a 
cleaned silicon (100) and (110) surface in the range 
1300°-1700°K and has found that it may be repre- 
sented by the following linear function of tempera- 
ture: 


= 430+ (3-75 x 10-4) T eV (12) 


where ¢ is the thermionic work function. Using 
the values of No and (Ey— po) derived from the 
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equation (11) is close to the experimental values 
of ALLEN if / is assumed to be of the order of 10 A. 
At these elevated temperatures / is less than 25 A, 
the half width of the well at room temperatures 
for germanium, and is probably greater than a 
lattice distance, 5 A. The value of (Er— Eo) found 
from the conductivity data is not large enough for 
the logarithmic term to be completely independent 
of temperature. In the temperature range of in- 
terest, however, the logarithmic term in equation 
(9) is equal to about 0-9 and varies about 6 per cent 
over the temperature range of interest and there- 
fore may be considered constant. Substituting 
these values into the expression for B in equation 


(11), we find for / =10A 
€0 

Since No and / are known to within only a factor of 
2 or 3, this result represents excellent agreement 
with the data. It would be interesting to see 
whether contact potential difference measurements 
from room temperatures up to the range covered 
by ALLEN’s work would be in agreement with 
equation (9). 


6. CONCLUSIONS 
The concept of localized atomic orbitals has 
been used to show how the structure and type of 
binding of surface atoms to the crystal may affect 
the energy level diagram of the surface region. 
In particular it has been shown in a qualitative way 
that the s or p character of the non-bonding orbitals 
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conductivity data, it can be shown that B of 


of the surface atoms may determine the type and 
energy of the surface state bands at the cleaned 
germanium and silicon surfaces. 

The transport data of the p-type space charge 
region of germanium have been used to determine 
the parameters, No, the density of states per 
cm? eV, and (Ep—£), the degree of degeneracy of 
the two dimensional surface state band. Using the 
value of these parameters and the simple model 
of a two dimensional surface state band, it has been 
shown that the linear temperature dependence of 
the thermionic emission data of ALLEN on silicon 
may be predicted to within a factor of two or three. 
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SURFACE PROPERTIES OF VACUUM CLEANED SILICON 


J. T. LAW 
Bell Telephone Laboratories, Murray Hill, New Jersey 


Abstract—Measurement of conductivity, photoconductivity and change in contact potential with 
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light have been made on a sample of floating zone single crystal silicon cleaned by positive ion bom- 
bardment and annealed. The absence of a conducting p-film after such treatment has been demon- 
strated. The annealing after bombardment has been measured as a function of time at various 
temperatures. Changes in the bulk carrier concentration have been studied after various heating 


treatments. 


Changes in conductivity produced by argon ions indicate that in the clean condition the Fermi 
level is about 0:1-0-2 eV above the valence band edge. 

Adsorption of atomic hydrogen decreases the conductivity of both heated and bombarded and 
annealed samples. At the same time ACP becomes more negative indicating a downward movement 


of the energy bands at the surface. 


INTRODUCTION 
Previous attempts to produce clean silicon 
surfaces have involved the use of either (i) positive 
ion bombardment": 2) or (ii) high temperature 
heating.®-5) There is now considerable evidence 
that under the proper conditions either of these 
methods will produce a surface which is clean in 
a two-dimensional sense. By this we mean that 
there are no adsorbed atoms on the surface, but 
that there may be a gradation of chemical im- 
purities as one moves into the crystal, normal to 
the vacuum-solid interface. Such a gradient of 
chemical impurities near the surface could arise 
from a depletion mechanism involving the 
original doping element or from an accumulation 
mechanism involving a new impurity which reaches 
the surface from some external source. Some re- 
cent experiments®) have shown that whenever 
silicon is heated above 1200°K in a Pyrex vacuum 
system, an increased boron concentration is found 
in the surface region extending into the bulk some 
5-10 x 10-4 cm. Obviously then, a surface prepared 
simply by high temperature heating, while clean 
in a two-dimensional sense has widely varying 
properties in the third dimension. We will see 
later that sufficiently heavy ion bombardment 
produces a surface which is clean in a three- 
dimensional sense. 

One object of the present work was to obtain 


and demonstrate the existence of a three dimen- 
sionally homogenous surface. In the previous 
work) the existence of a chemical surface film was 
shown by measuring the conductivity of a thin 
slice as successively larger amounts were removed 
from the surface by etching. In the presence of a 
chemical gradient, the conductivity changes 
rapidly during the removal of material to a depth 
corresponding to the penetration of the impurity 
(usually about 6 x 10-4 cm) and much more slowly 
thereafter, due to changes in the dimensions of the 
sample. 

One convenient way of both cleaning the surface 
and removing material in a controlled fashion is 
by positive ion bombardment. We have used this 
technique and measured the following quantities 
to determine the state of the surface during various 
bombardment and annealing processes: (a) con- 
ductivity, (b) photoconductivity and (c) ACP, the 
change in the contact potential of the surface with 
light. In addition we will describe some changes 
observed in the bulk properties of the silicon 
during the heating processes. 

The only gas whose adsorption has so far 
been studied is atomic hydrogen, produced 
by the thermal decomposition of molecules. 
Its effect on various electrical properties of 
both bombarded and heated surfaces will be 
discussed, 
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EXPERIMENTAL 

The experimental arrangement is shown in Fig. 
1. The sample (A) was cut from a p-type Merck, 
floating zone single crystal with a resistivity of 
100 Q-cm and body lifetime of 200 psec and 
etched in CP-8 before mounting in the tube. The 
ends, A; and A» were 2-2 x 0-7 x 0-9 cm while the 
1-2 x 0-215 x 0-076 cm. 


thin center section was 

c--4 

4 

J 


Fic. 1. A schematic arrangement of the experimental 
tube. The sample (A), surrounded by the cylindrical 
grid (D), is bombarded by ions from the source (£) (F) 
(G). The leads and contacts (B) and (B’) are shielded 
from bombardment by the cylinders (C) and (C’). 


This shape was chosen in order to keep the regions 
near the contacts cool during the high temperature 
heating of the thin central section. Previous 
experiments had shown that even after the molyb- 
denum contacts had been degassed by heating to 
about 2000 K in vacuum, a subsequent heating to 
about 1200-1400°K in contact with silicon led to 
the formation of a chemical p-film immediately 
around the contact area. 

Both contacts, B and B’, consisted of two molyb- 
denum springs separated by glass beads so that 
one pair could be used as current and the other as 
voltage probes. The silicon immediately under the 
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contact area was rhodium plated to eliminate con- 
tact noise. During bombardment we have found 
it necessary to prevent sputtering of materials other 
than the silicon. For this reason the contacts were 
surrounded by cylindrical shields C and C’ to 
which were applied sufficiently large positive 
voltages that no ion currents to them were observed 
during the bombardment process. 

Bombardment ions were formed by accelerating 
electrons from the tungsten filament £ to the grids 
F and D ina pressure of argon of 3 x 10-4 mm Hg. 
The shield G prevented the evaporation of tungs- 
ten from the filament to the sample. The grid D 
was also used as a capacitor plate in the measure- 
ment of ACP. 

The elements shown in Fig. 1 were mounted in 
a Pyrex envelope with a window for shining 
chopped light on the sample. The tube was 
attached to a conventional vacuum system with 
mercury diffusion pumps and a number of Gran- 
ville-Phillips valves for admitting gases. After 
bakeout the pressure was about 2 x 10-19 mm Hg. 

The conductivity was measured by a potentio- 
meter circuit and the photoconductivity by chop- 
ping the light at 30-110 c/s and displaying the a.c. 
component of the conductivity on an oscilloscope. 
The values of ACP were obtained by connecting 
the grid D through an electrometer preamplifier 
to a wave analyzer. The response of this circuit 
was calibrated by introducing a standard square- 
wave voltage at the sample. Unfortunately, for 
uniform bombardment it is necessary to extend 
the grid D some distance beyond the ends of the 
thin central region. Therefore the measured ACP 
signal contains contributions from both the thin 
central region and the two large end blocks. When 
all the surfaces being sensed by the grid are homo- 
genous (i.e. after bombardment) this is not too 
important, but whenever the end blocks are in a 
different surface condition to the central region, 
the ACP value will have no quantitative signifi- 
cance. In future experiments we intend to change 
from the present quasi-cylindrical geometry to a 
parallel plate system where the sensing element 
will measure only the central region. 


RESULTS AND DISCUSSIONS 
(a) The formation and removal of chemical films 
It has recently been shown: ® that whenever 
silicon is heated above 1300°K in a Pyrex vacuum 
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system, a surface layer containing as many as 10!2— 
1015 boron atoms/cm? is formed. Experiments per- 
formed in a quartz vacuum system eliminated this 
contamination and from this and other experi- 
ments we feel that the source of the boron is the 
Pyrex which contains 12 per cent BgO3. Since 
boron is an acceptor, the surface of the heated 
sample was strongly p-type with acceptor con- 
centrations at the vacuum-silicon interface as high 
as 1019 cm~3 which corresponds to a resistivity of 
7x 10-8 Q-cm. It was found that the boron doped 
layer formed even if the Pyrex envelope surround- 
ing the sample were kept at 77°K or 300°K. The 
vapor pressure of BgQsg is given by”) 


log = 6°742— 16,950/T 


so that even at 700°K it is only 10-15 mm Hg. The 
observed rates of transfer were so high that some 
other mechanism must have been involved. A 
series of experiments showed that the rate could 
be greatly increased by the addition of water vapor 
to the vacuum system. The reactions between 
water vapor and BgOg3 have been studied) and the 
most likely reactions shown to be 


B203(s) + 3H20(g) > 2H3BO3(g) 
+ HO(g) > 2HBO2(g). 


Marcrave®) measured the rate of removal of 
BoOg in a stream of helium or nitrogen containing 
water vapor over the temperature range 553— 
1173°K and found it to be almost temperature in- 
dependent. Extrapolating his data to a water pres- 
sure of 10-2 mm Hg one can obtain an evaporation 
rate of 3 x 1013 boron atoms sec~! which is easily 
sufficient to explain our observed changes. 

Our model of the boron transfer process is then 
as follows. Either during the glass blowing opera- 
tions (when there is a high concentration of water 
vapor in the system from the torch) or when the 
system is at or near atmospheric pressure, water 
vapor reacts with the BgOg3 in the Pyrex to form the 
volatile compounds H3BO3 and HBOs. These 
then diffuse over to the sample surface where sub- 
sequent heating decomposes them to BzO3 which 
in turn is reduced by the silicon to elemental boron. 
This then diffuses in a distance which is deter- 
mined by the time and temperature of heating. 

If this mechanism is correct, the contamination 
can be avoided by eliminating either the boron or 
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the water vapor from the system. Use of a de- 
mountable quartz system proved satisfactory but 
when a bakeable quartz system was constructed it 
proved impossible to prevent it being contaminated 
by boron from the Pyrex diffusion pump. A more 
feasible way involves the removal of the water 
vapor. After baking and pumping, the partial 
pressure of water in a normal high vacuum system 
is less than 10-1 mm Hg so that if the B2Og already 
deposited on the silicon could be removed, the rate 
of redeposition should be very low. We have used 
ion bombardment to accomplish the removal. 
After baking the system to obtain pressures near 
2x10-1mm Hg and degassing the silicon at 
1100°K for several hours, the sample was heated 
to 1580°K for several minutes by passing current 
through it. Following this, its room temperature 
(300°K) conductivity was measured and then a 
series of ion bombardments carried out with 
1000 V argon ions. After each bombardment the 
silicon was allowed to cool to 300°K and the con- 
ductivity remeasured. In Fig. 2, values of Ac, the 
change in room temperature conductivity produced 
by the bombardment in mho/square are shown as a 
function of the number of incident ions per cm? 
(N7) in curve (1). For quite small numbers of ions, 
the conductivity decreases by about 20 umho/square 
and then remains constant until an appreciable 
depth of silicon is removed, after which it once 
more decreases. We suggest that the first effect is 
due to the presence of argon ions on the surface 
together with possibly some shallow bombardment 
damage and is simply a change in the space charge 
region. The second larger effect is caused by the 
removal of a chemical layer of high conductivity. 
If we assume that the efficiency of the bombard- 
ment process is unity,* i.e. each incident ion re- 
moves one silicon atom, we can replot the data 
given in Fig. 2 as Ao against the depth of material 
removed. The result of this is shown in Fig. 3 to- 
gether with corresponding points (crosses) ob- 
tained by controlled etching of a silicon slice which 
had been similarly heated in vacuum. The excellent 
agreement between the two sets of data is probably 
fortuitous as the amount of B2QOs transferred to the 
silicon depends on a number of uncontrolled 
variables. Nevertheless the agreement shows that 


* The sputtering yield of germanium in argon has 
been determined recently‘) and found to be unity for 


450-500 V ions. 
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Fic. 2. The decrease in conductivity of the silicon (in mho 
square) during ion bombardment as a function of the number of 
incident ions (Nz). Curve (I) refers to a sample with a 
heavily boron doped surface film, while curve (II) was obtained 
from a three dimensionally homogeneous sample. 


the major effect of prolonged bombardment is the vacuum of 2x 10-!%mm Hg for 3 days. It was 
removal of material from the surface without — then reheated to 1580°K for a total time of 60 min, 
changing the properties of the underlying silicon. _ the heating being carried out in 10 sec flashes with 

Following the heavy bombardment shown in 10 sec intervals between them. During this time 
Fig. 2, the silicon, was allowed to stand in a_ the measured bridge conductivity did not change, 
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Fic. 3. The decrease in conductivity of the silicon as a 
function of depth. The circles represent the data shown in Fig. 2, 
curve (1), assuming unit efficiency for the bombardment 
process. The triangles are data obtained by chemical etching 
of a vacuum heated silicon slice. 
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but this, however, is not conclusive unless one can 
show that the bulk conductivity is remaining con- 
stant. For this reason the silicon was then rebom- 
barded with argon ions and resulting Ao—N; curve 
obtained is shown in Fig. 2 as curve (2). In this 
case the initial change in o at low ion densities was 
present but the large decrease in conductivity in 
the micron removal range was absent. This is 
exactly what one would expect if water vapor is 
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surface and the rate of removal of embedded argon 
atoms is of some importance. The silicon was 
bombarded (~10!9 ions cm~?) and then heated to 
1580°K for several hours to anneal any damaged 
material completely. It was then given a series of 
bombardments (6 x 1018 ions cm~?) and after each 
one, annealed at a fixed temperature until the con- 
ductivity reached a constant value. In this way, 
curves of conductivity versus annealing time were 


| ot em — 


ye 


f 


4 6 810 20 


40 60 
TIME, t, IN MINUTES 


Fic. 4. The fractional change in conductivity of a bombarded 


1000 


100 200 400 


surface as a function of annealing time at 1020, 1310, 1420 and 


necessary for the boron transfer process. Its par- 
tial pressure in a good vacuum is very small and 
therefore no transfer is possible. These experi- 
ments were repeated twice more by letting the 
vacuum line down to atmospheric pressure for one 
day, pumping, baking and heating the sample to 
1580°K. In both cases the initial bombardments 
gave curves similar to curve (1), Fig. 2, while sub- 
sequent bombardments were identical to curve 
(2), Fig. 2. 

In summary then, we have demonstrated that 
positive ion bombardment will remove the boron 
containing surface film on vacuum heated silicon 
and that it will not be reformed by heating even at 
1580°K under good vacuum conditions. Its 
presence or absence is most easily demonstrated 
by obtaining curves such as are shown in Fig. 2. 


(b) Annealing positive ion bombardment damage 

If one is to use ion bombardment to remove 
contaminated layers, then information on the 
annealing rate of the damaged material left on the 


1580°K. 


obtained at 1020, 1310, 1420, 1580°K. The final 
conductivities for the latter three temperatures 
were identical but because of a change in bulk 
conductivity (which will be discussed below) the 
final value at 1020°K was much higher. This run 
was then repeated by bombarding after a lengthy 
heating at 1020°K. The final conductivity value 
after annealing was then the same as that obtained 
before the bombardment but almost three times 
higher than the value found after heating above 
1300°K. In Fig. 4, the fraction, f, of donors 
annealed at each of the four temperatures, is shown 
as a function of time. At least two effects probably 
contribute to the annealing process, (i) the re- 
moval of embedded argon atoms and ions and (ii) 
the annealing of surface mechanical damage caused 
by the ions. By flashing the sample to 1580°K 
immediately following a bombardment and 
measuring the pressure change in the system, the 
number of gaseous species desorbed was found to 
vary between 1 x 1015 and 3-5 x 10!5 atoms cm~? for 
values of Ny; between 1015 and 4 x 1018 ions cm~?. 
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The results shown in Fig. 4 indicate that we are 
not dealing with a simple process and no interpre- 
tation will be attempted. One difficulty is that the 
conductivity is affected by any argon ions remain- 
ing on the surface as well as the bombardment 
damage itself. The data, however, show that the 
time required for annealing to a constant conduc- 
tivity varies from 15 min at 1580°K to about 700 
min at 1020°K. This in fair agreement with 
Ditton and FarnswortH™), who found it 
necessary to anneal a sample used for work func- 
tion measurements at 1263°K, for at least 30 min. 


(c) Thermally caused changes in bulk conductivity 

and trap density 

Before the sample had been heated above 800°K, 
it had a bulk resistivity of 100 Q-cm and a filament 
lifetime of 50sec. Neither of the quantities 
changed appreciably on heating to 1020 and 
1199°K for several minutes, but 1 min at 1310°K 
caused a four-fold increase in the lifetime together 
with a small increase in the resistivity. Successive 
l-min heatings at 1420, 1480 and 1580°K gave 
further increases in both the photo decay time and 
the resistivity. The true bulk value of the resis- 
tivity at this time was difficult to determine as the 
surface had not been bombarded and later experi- 
ments showed that it was covered by a highly con- 
ducting layer. Hence, the values of resistivity 
obtained after heating are minimum ones. In Table 
1, the observed changes in photo conductivity, 
half-life and resistivity after various heat treat- 
mentsonthe unbombarded sampleare summarized. 


Tab 


Treatment 


Photoconductivity 


(mV) 
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A heavy bombardment to remove the conducting 
surface film, followed by an anneal at 1580°K gave 
a bulk resistivity of 300 Q-cm but did not change 
the half-life of injected carriers in the sample. The 
effect of heat treatment on these properties was 
then systematically studied after the surface film 
had been eliminated. The silicon was heated to a 
given temperature, radiation quenched to 300°K 
and measured. This process was repeated until no 
further change occurred after which a different 
temperature was investigated. In Fig. 5 the resis- 
tivity (in Q-cm) is plotted against the temperature 
at which the sample was held until the steady 
state was reached. Above 1300°K the resistivity is 
constant and equal to about 300 Q-cm, while 
below this it steadily decreases. The increase in 
resistivity corresponds to a decrease, in acceptor 
concentration (or increase in donor concentration) 
of about 1 x 1014 

Data were not obtained below 1020°K because 
even at this temperature the heat treatment process 
was very slow. In Fig. 6 some typical rate curves 
are shown for 1020, 1100 and 1420°K treatments. 
The 1020°K curve was obtained on a sample pre- 
viously stabilized at 1580°K, while the other two 
curves were each taken after a 4-hr heat at 1020°K. 
The steady state conductivity obtained for any 
temperature was independent of whether the pre- 
vious heat treatment was at a higher or lower tem- 
perature. 

The apparent lifetime of the sample could 
similarly be altered by heat treatment from values 
as high as 3000 usec at 1580°K to less than 500 psec 


le 1 


life 
(usec) 


Resistivity 
(Q-cm) 


Initial 


Bakeout (725°K) 1-0 
1020°K—2 min 0-4 
1190°K—1 min 0:3 
1310°K—1 min 1:0 
1420°K—2 min 8°5 
1480°K—1 min 10-0 


1580°K—1 min 12-0 
1580°K—5 min 16-0 


1580°K—60 min 


20 100 
15 100 
60 110 
400 130 
— 140 
140 
140 
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Fic. 5. The bulk resistivity as a function of the heat 
treatment temperature. The initial value shown (100 Q-cm) 
refers to the crystal as grown. 


at 1020°K. Considering the thinness of the the intensity of the additional light was increased. 
sample used (0-076 cm) no reasonable values of ‘This result is consistent with the picture of a num- 
body lifetime and surface recombination velocity ber of temporary trapping centers which can be 
could give such high filament lifetimes. If a d.c. kept partially filled by the hole-electron pairs 
light was shone on the sample during the measure- created by the d.c. light. The existence of such 
ment, the apparent lifetime decreased steadily as _ centers in silicon has been previously investigated 
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Fic. 6. The rate of change of the bulk resistivity during 
heat treatment at 1020, 1100 and 1420°K. The curve for 
1020°K refers to the lower time scale, the other two to the 


upper. 
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by Hornseck and Haynes 11) and the traps 
which we have observed appear similar to their 
shallow traps which had lifetimes in the milli- 
second range. We have looked for, but failed to 
find, any deep traps which would have appreci- 
ably longer time constants. 

There are at least three possible chemical 
origins of the observed changes in carrier and trap 
density, (i) oxygen, (ii) vacancies and (iii) some 
donor of low solubility. 

(i) It is known") that oxygen in silicon can act 
as a donor after suitable heat treatment and that 
the donors can be annihilated by changing the 
heat treatment conditions. It has also been 
suggested 13) that the trapping centers in silicon 
are associated with oxygen in the crystal. 

It seemed unlikely that oxygen was the cause of 
the changes found in the present work because the 
starting material, floating zone silicon, is known to 
have a very low oxygen concentration.“4) In 
addition, the donor concentration is proportional 
to the fourth power of the oxygen concentration) 
so that we would require about 1017-1018 oxygen 
atoms cm~? in the starting material. These could 
not have diffused in from the silicon surface as the 
time required to produce the increase in resistivity 
at 1300—1400°K was much too short. Nevertheless 
a 16-hr. heat treatment was carried out at 720°K 
(a temperature at which oxygen donor formation 
is known to occur“: 16) but no changes in either 
donor concentration or trap density were observed. 

(ii) A second possible mechanism is the diffusion 
of vacancies into the lattice from the surface where 
they might be formed during the evaporation of 
silicon at high temperatures. This would not 
explain the changes observed initially but could 
be a contributing factor during subsequent high 
temperature heating. However, as Fig. 5 shows, 
the resistivity is unchanged in going from 1420 to 
1580°K while over this same temperature range 
the evaporation rate“) increases from 1-5 x 10! 
to 4x atoms sec~!. It is therefore un- 
likely that the observed changes are due to the 
introduction of vacancies. 

(iii) The third, and what appears to be the most 
likely explanation, is that we are dealing with the 
precipitation and redissolving of a donor impurity. 
If the crystal, when grown, contained a donor of 
low solubility, it would probably be present in a 
precipitated form due to the slow cooling rates 
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used in crystal growth. On subsequent heating to 
about 1300°K some of the precipitated impurity 
could dissolve and remain in solution after the 
radiation quench to 300°K when it would appear 
as an electrically active donor. We can neglect the 
diffusion of such an impurity in from the surface 
for the same reasons as were described above in 
section (i), for the case of oxygen. Such precipita- 
tion processes have been investigated for only a 
few elements in silicon 8: 1% and germanium 20) 
and from the present data it is not possible to de- 
cide which element or elements are involved. 

It is known!) that the transition elements, 
iron, cobalt and manganese, have low solubilities 
ranging from about 1016 atoms cm~® at 1450°K 
to about 2x 1015 atoms cm=3 at 1200°K for iron, 
and 1350°K for cobalt and manganese. Both iron 
and manganese also act as donors with energy 
levels near the middle of the band gap. In the 
present sample the Fermi level is also near the 
middle of the gap so that only a small fraction of 
the donor states will be ionized at room tempera- 
ture. Hence, the number of conduction electrons 
measured will be much less than the total number 
of dissolved impurity atoms. 

In the case of germanium, it has been found that 
deep lying levels due to iron group impurities can 
act as trapping centers below room temperature. @?) 
Similar information on silicon is lacking, presum- 
ably because the low solubility of such elements 
makes it difficult to determine details of their 
action as trapping centers. 

The principal disadvantage of these deep lying 
levels in attempts to study the surface properties 
of silicon lies in the high trap density which they 
produce. Measurements of surface recombination 
velocity are then almost impossible as the photo 
signal caused by the recombination of carriers is 
only a very small fraction of that due to the traps. 
From our observations, it would appear that the 
difficulty can be avoided by never heating the 
sample above 1200°K. We have found that this is 
sufficiently high to anneal out the bombardment 
damage and Farnsworth et have shown 
that it is suitable for initial crystal degassing. 


(d) Effect of positive ion bombardment on surface 
properties 
A number of studies have been made on the 
effect of ion bombardment on both silicon and 
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Table 2. Effect of ion bombardment on Ge and Si surfaces 


Ge Si 


Depth of damage for 80/kV ions | 1:3 x10-5 cm(23) 


| 1-0 x 10-4cem (24) 


Majority carrier type at surface on either n- or p- | on p-type sub- 


|  type'?3) substrate 


Surface recombination velocity 


strate’*4) p on n- 
type substrate 


~104(25) 5 103124) 


Minimum ion energy to produce | 20 keV‘?3) ~1 keV(26) 
rectifying surface layer | 
Minimum annealing temperature | 773°K(°3) 1073°K (24) 


germanium surfaces. The results are summarized 
in Table 2. 

When we had made sure that there were no 
chemical inhomogeneities in the surface region 
due to boron doped layers, we carried out a study 
of the effect of ion bombardment on the conduc- 
tivity, photo conductivity and the change in con- 
tact potential with light. The latter quantity, 
which has been studied on etched surfaces of ger- 
manium,* gives one fairly direct information 
about the sign of the surface potential. When one 
shines light on a piece of semiconductor, the 
surface charges negatively for n-type material and 
positively for p-type. The photo-voltage seen by 
the grid surrounding the sample in our experi- 
ment, consisted of two parts, one due to the 
change in contact potential with light (ACP) and 
one due to the photo conductivity of the sample. 
If we apply a voltage to the sample, then the 
measured signal on the grid is given by JARphoto 
+ ACP assuming a constant current J through the 
sample, where the sign of the second term depends 
on whether the applied sample voltage was 
positive or negative and on the majority carrier 
type in the surface region. Hence, by measuring 
the voltage on the grid with the sample biassed 
alternately positive and negative, we obtain both 
the sign and the magnitude of ACP. The magni- 
tude was always checked with zero bias on the 
sample and was found to agree within experimental 
error with the average of the two measurements 
made with an applied voltage. 

Using the nomenclature of BRaTTAIN and 
GarreETT??) we have calculated values of 5, pro- 
portional to the number of injected carriers from 
8 = wtpiAVo/Ilnp? where w is sample width, ¢ the 
thickness, po the resistivity, J the d.c. flowing 
c 


through it, /~ the illuminated length, p; the in- 
trinsic resistivity and AV2 the mean photocon- 
ductivity signal voltage. Thus in the absence of 
traps 6~! is proportional to the surface recombina- 
tion velocity. From ACP and the added carrier 
parameter 5 we have calculated the ratio ACP/6 
(in units of kt/e). The observed ACP also includes 
a Dember potential(?8) which occurs between the 
illuminated and non-illuminated parts of the body 
of the semiconductor, given by (b—1)/(A+5A~!) 
where 4 is the ratio of electron to hole mobility and 
A = po/m. For high resistivity silicon this correc- 
tion is of the order of a millivolt and has been 
neglected in the present work. Hence, the values 
of ACP/6 are equivalent to dY/dé. In Table 3, we 
have listed values of the quantities 6, o and dY/dé 
obtained before and after various bombardment 
treatments with 1000 V argon ions. In all cases the 
pre-bombardment treatment consisted of one 
minute heating at 1580°K so that the thermally 
produced bulk donors were present and the bulk 
resistivity was 280 Q-cm (A = 825, Ug = —6:7). 
Up is given by Ug = (Ep—£E;)/RT. 

The values of 5 (which is a measure of the sur- 
face recombination velocity) obtained before and 
after bombardment were essentially identical. 
This does not necessarily mean that s was un- 
changed by the bombardment since the trap 
density was sufficiently high that it would have 
obscured changes in s. As described above in 
Section (c), this is the principal disadvantage 
associated with the thermally produced donors. 

The values of dY/d5 were negative after bom- 
bardment. The negative sign tells us that the 
surface is becoming more n-type. After bombard- 
ment a zero bias photo signal was always detected 
which indicated the presence of a p-n junction in 
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Table 3 


(ions/cm?) 


A(dY/d8) 


(RT/e) '(umho/square) 


2-2 x 1014 1-2 —0-086 —25 

90 > 1-4 x 1015 1-2 —0-091 —30 

A 40 2-0 4-8 x 10% is —0-082 —29 
90 5-0 2-9 x 1018 “7 —0-081 —30 

900 10-0 5-8 x 1017 —0:095 —36 


3-0 x 1916 


9-0 x 1016 


—0-089 —22 
5-5 x 1016 1:3 —0-084 —27 
—0-090 —27 


7-6 x 1018 
1:12 x 1019 


—36 
—37 


0:090 
0-110 


2°5 x —0:070 —16 

8 0-166 1:1 x 1014 0-4 —0°14 —23 

20 0-333 5:1 0-4 —0-11 —20 

D 20 0-500 1-1 x 1015 0°5 —0°12 —22 
50 1-66 6-1 x 1015 0°5 —0-10 —25 

30 10-0 2-4 x 1016 0-5 —0-11 —23 

1000 10-0 6:2 x 1017 0°5 —0:12 —22 

1000 60-0 4-4x 1018 0°6 —0-11 —24 


In all four runs the same sample was used. 


the surface region. In a study of the rectification 
properties of bombarded silicon surfaces, OHL®® 
found that the back voltage increased steadily until 
a total charge of 50 uC cm~? had reached the 
surface. This corresponds to about 3 x 104 ions 
cm~’. 

If ion bombardment leads to an n-type surface 
then we can deduce the approximate initial con- 
dition of the surface from the change in con- 
ductivity. Fig. 7 shows the calculated variation in 
surface conductivity (in mho/square) as a function 
of the surface potential Y obtained by an extra- 
polation of the data of Krncston and Neustap- 
TER9) using bulk carrier mobilities. The average 
observed change in surface conductance was 
30 umho square and comparing this with Fig. 7 we 
see that before bombardment the surface potential 
Y must have been about — 9 (or 0-24 eV) or in other 
words the valence band edge at the surface was 
about 0-13 eV below the Fermi level. This result 
should be compared to that obtained by DILLON 
and FARNSWoRTH”) who, on a bombarded and 


A: Sample heated after each bombardment; B, Cand D: sample heated only before first bombardment. 


annealed surface, found a work function of 4-73 eV 
and a photoelectric threshold of about 4-6 eV. 
Since the work function measures the distance from 
the Fermi level to the vacuum level while the 
photoelectric threshold measures from the valence 
band edge to the vacuum level, this implies that 
the valence band edge at the surface was about 
0-13 eV above the Fermi level. It is possible that 
the difference lies in the elimination of the boron 
doped layer in the present work but since our data 
are preliminary and at best semiquantitative, no 
further discussion will be attempted. 


(e) Effect of atomic hydrogen on surface electrical 

property 

A number of workers have studied the adsorp- 
tion of atomic and molecular hydrogen’: 39. 31) on 
silicon and germanium and the resulting changes 
in surface conductivity,®2) photoelectric thresh- 
and work function.) For both silicon and 
germanium, molecular hydrogen is adsorbed to 
only a small fraction of a monolayer if at all. On 
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the other hand if a hot filament is present, sufficient 
numbers of hydrogen atoms are formed that a 
monolayer can readily be obtained. 

Surface conductivity studies on germanium(2) 
showed that atomic hydrogen acted as an acceptor 
in that it increased the p-type conductivity of a 
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we find that the adsorption of atomic hydrogen 
has pushed the valence band edge at the surface 
some 0-4 eV below the Fermi level, assuming that 
they initially coincided, and that the external 
barrier has increased by roughly the same amount. 
These numbers may be in error by 0-1 eV but in 
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Fic. 7. The calculated change in surface conductivity as 
a function of surface potential Y, for 280 Q-cm p-type 
silicon. When Y = 0, Us = Uz and the energy bands 
are flat right out to the solid-vacuum interface. 


bombardment cleaned surface. On a surface which 
had been cleaned by heating alone the effect was 
reversed and the conductivity decreased. It is 
worth noting that to obtain the largest effect after 
bombardment, it was necessary to anneal the sur- 
face at 650°C for half an hour and at 600°C for 
3-5 hr. The results so far obtained on silicon 
appear to be quite different. DILLON and Farns- 
WORTH") reported that atomic hydrogen decreased 
the work function from 4:7-4:85 eV to 4:65- 
4-80 eV. EIsINGER measured the photoelectric 
threshold and found an increase from 4:7 eV to 
5-leV. Taking these two sets of data together 


any case the change in Y caused by atomic hydro- 
gen is from +12 to +15 (in units of kT/e). 

We have measured surface conductivity changes 
produced by atomic hydrogen on samples cleaned 
both by heating and by positive ion bombardment. 
In the latter case values of ACP have also been 
obtained. During the conductivity measurement 
on the heated surfaces, the number of hydrogen 
atoms adsorbed was measured by flashing the 
sample in a known volume V when the pressure 
rise in the system AP, is related to the number of 
atoms desorbed by the flash, AN 4, by® 
ANa = VAP/A 
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where A is the area of the filament. Hence one can 
construct a curve of Ao against N4. In Fig. 8 such 
results which were obtained on a thermally cleaned 
10 Q-cm p-type sample are shown. For reasons 
previously described,®) the surface of this 
material was probably very strongly p-type with 
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threshold increases. The conductivity changes are 
very large (~ 240 »mho/square) and would require 
shifts in Y of at least +10 which, however, is still 
within the range predicted by the work function 
and threshold data. At present we have no explana- 
tion for the insensitivity of the electrical properties 
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Fic. 8. The change in surface conductivity and photo- 
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electric threshold as a function of the number of adsorbed 
hydrogen atoms at 300°K. All data were taken on heated 


a resistivity much less than 1 Q-cm. These con- 
ductivity changes unlike the"germanium results) 
are all negative but are in qualitative agreement 
with the work function and photoelectric threshold 
data. Also shown in Fig. 8 is the latter quantity as 
a function of surface coverage.33) Since we know 
very little about the relative number of chemical 
impurities in the surface regions of the various 
samples used, an exact comparison between the 
two sets of data is not possible. They have roughly 
the same form in that neither changes until a 
coverage of about 2 x 1014 atoms cm~-? is reached, 
after which the conductivity decreases while the 


samples with strong chemical p-films. 


to the adsorption of the first 2 x 10!4 atoms cm~. 

In the case of a bombarded and annealed surface 
on a 280 Q-cm p-type sample where the highly 
doped p-layer is absent, the Fermi level is probably 
0-1-0-2 eV above the valence band edge at the 
surface rather than coinciding with it. The ad- 
sorption of atomic hydrogen on such a surface also 
caused the surface conductivity to decrease but by 
only 38 ~mho/square after the adsorption of a 
monolayer. During the adsorption, ACP became 
steadily more negative, again indicating a down- 
ward movement of the energy bands at the 
surface. 
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R. Forman (Union Carbide Corporation): Can the 
data shown in Fig. 2 of the paper be explained by bom- 
bardment damage? The treatment described, using a 
high bombardment rate and time, is a drastic one. It 
could be capable of causing deep mechanical damage in 
the sputtering process. If this were so, could one explain 
the rise in resistivity as a phenomenon associated with the 
development of a badly damaged surface layer with a 
higher resistivity. If this were so, then curve (2) in Fig. 
2 would imply that the damage done to the surface by the 
annealing cycle has not been eliminated. We suggest 
this as a possible explanation on the basis of data we have 
obtained on argon bombardment treated germanium in 
which the sample was exposed to a much milder sputter- 
ing treatment. As a result of this mild treatment the 
effective surface mobility was drastically reduced which 
we have interpreted as due to mechanical damage caused 
by the argon bombardment. 

Rep.y: The data of Fig. 2 at the high ion density end 
cannot be due to bombardment damage, but the small 
change for ion densities of less than 1015 cm~? could be 
caused by either damage or the embedding of argon 
ions in the surface layer. The argument for the right 
hand part of the curve goes as follows. We know that 
after heating silicon in vacuum a strongly doped boron 
layer is produced on the surface and the sample resistance 
will drop in a typical case from 3 X 10° to about 1 x 105 Q. 
After either chemically etching or heavy ion bombard- 
ment the value returns to approximately 3 x 10° 2 and 
will stay in this region during a series of bombardments 
and anneals. If one were producing a badly damaged 
layer by bombardment the sample resistance would be 
expected to rise above its initial value, a situation which 
does not arise under suitably controlled conditions. In 
addition, the correlation between the resistance changes 
caused by etching and bombarding a heated surface 
would not exist. 

It is true that bombardment will cause changes in 
conductivity but unless the depth of mechanical damage 
approaches several microns one will never obtain con- 
ductivity changes on high resistivity silicon greater than 
several tens of wmho/square. For the ion energies used a 
reasonable damage depth is only 10-® cm (Table 2). 

J. A. DILLon, Jr. and H. E. Farnswortu (Brown 
University): In the past few years ion-bombardment 
cleaning has been applied to a number of metal and 
semiconductor crystals and the results monitored by 
electron-diffraction techniques. A consideration of the 
results of these experiments suggests several important 
points. 

(1) For most of these materials it has been possible to 
determine a set of operating conditions under 
which bombardment and annealing can be carried 
out without introducing an important number of 
surface defects. 

(2) These conditions are not the same for all materials 
(e.g. the annealing temperature for silicon is much 
higher than that for germanium), and it is well 
known that under certain other conditions ion 
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bombardment can introduce surface damage 
which cannot be annealed out. For example, silver 
and gold are known to be very malleable, and the 
lattice structures are easily damaged. Hence, one 
may expect recrystallization or permanent damage 
under certain conditions of ion bombardment. 

(3) It is therefore imperative that the bombardment 
cleaning be performed only under those conditions 
which are known to result in clean, defect-free 
surfaces, and it should not be at all surprising if 
satisfactory results are obtained under other con- 
ditions. This is particularly true when the tech- 
nique is applied to new materials. Objective evi- 
dence should be obtained before a combination of 
bombardment and annealing parameters is assumed 
to be satisfactory. 

(4) Beyond the question of the possible introduction of 
defects, it should also be kept in mind that certain 
surface electrical properties (e.g. surface recom- 
bination velocity) are more sensitive to annealing 
conditions than others and that the effects of heat 
treatment are more complex for some materials 
than for others. 

Therefore for each material the bombardment-clean- 
ing conditions should be carefully investigated, and 
extrapolating the results from one material to another 
should be considered as having dubious value. 

RepLy: We are in complete agreement with the com- 
ments made, and they state precisely what we have been 
attempting to do. That is, by making electrical measure- 
ments sensitive to the surface condition, define the 
bombardment and annealing conditions necessary to 
obtain a sample with three-dimensional homogeneity 
and a clean surface. We feel that in so far as the former is 
concerned (especially with respect to such things as 
chemically doped layers) electrical measurements are 
much more sensitive than electron-diffraction when it 
comes to detecting impurities in the 10!2-10!%cm~? 
range. 

J. A. DILLon, Jr. and R. M. (Brown University): 
In studies of the photoelectric properties of silicon sur- 
faces* we have reported evidence for the existence of 
diffused layers due to high-temperature heating and 
advised that crystals be cleaned by ion bombardment 
prior to such heating. These results are of course consist- 
ent with the detailed observations reported by Law. 
More recent experiments in our laboratory have also been 
directed toward effects on the conductivity of silicon 
surfaces induced by heating in vacuum. Pertinent to the 
present discussion is the fact that if the argon ion bom- 
bardment (500 eV, 100uA/cm?) is performed before 
heating at 1000°C, the number of incident ions/cm? re- 
quired to prevent the formation of high-conductivity 
films on subsequent heating is at most 1018/cm?. It 
should be noted that Law’s results which indicate a 


* DILLON J. A., Jr. and FARNSwortH H. E., J. Appl. 
Phys. 29, 1195 (1958). 
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necessary bombardment of at least 10!%/cm? apply to a 
sample which had been heated before bombardment. 
Once the surface contaminant has diffused into the 
silicon the whole diffused layer must be sputtered off, 
whereas prior to heating only the contaminant must be 
removed. This point is emphasized lest some of the pre- 
vious experiments, which have actually satisfied con- 
ditions necessary for film removal, be too hastily dis- 
counted. 

Rep_y: We have made only preliminary attempts to 
remove the surface contamination after bakeout, but 
before heating. With ion densities near 101" ions/cm? the 
conducting p-type film was still formed on subsequently 
heating the sample to 1500°K. We should like to em- 
phasize that some sensitive measurement (such as sample 
conductance on p-type material) needs to be used to en- 
sure that added acceptors are not present in the surface 
region and if one is cleaning by ion bombardment that 
the opportunity exists for measuring the equivalent of 
a concentration profile of electrically active impurities. 

A. KopayasHI (Electrical Communication Laboratory, 
Tokyo, Japan): Dr. AHEARN* has reported that he could 
separate the surface contamination from the bulk im- 


*AngeaRN A. J., A.V.S. 6th National Vacuum 
Symposium at Philadelphia, 1959. 
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purity. I would like to know if it be able to detect the 
contamination of the surface cleaned by heating. 

Rep_y: We have examined several heated samples by 
this technique and have found weak boron and also 
aluminum lines from the surface region when these lines 
were missing from both the bulk and from controls. The 
major problem is sensitivity as we are dealing with con- 
siderably less than a monolayer of contamination. 

P. HANDLER (University of Illinois): It has been 
observed by workers at the University of Illinois that 
rapid cooling of germanium from 600°C to room tem- 
peratures will radically alter the bulk resistivity. In order 
to obtain reproducible results it was found that the 
sample had to be cooled slowly over a period of at least 
one half-hour between 600°C and 300°C. It would be 
interesting to know whether the author has ever observed 
the effects of slow cooling on his samples. 

Rep.ty: The effect on the sample resistivity of slow 
versus fast cooling, was observed in early measurements 
on silicon samples. It was found, however, that most of 
this effect could be eliminated if the sample were 
rigidly supported at only one end. Hence it was pre- 
sumably due to dislocations introduced by the sample 
bending during the heating cycle. The residual thermally 
caused changes above 1000°K are discussed in the text 
where it can be seen that slow coolingin the 1580-1000°K 
range are very important. 
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SURFACE MEASUREMENTS ON FRESHLY CLEAVED 
SILICON p-n JUNCTIONS 


G. W. GOBELI and F, G, ALLEN 
Bell Telephone Laboratories, Murray Hill, New Jersey 


Abstract—Silicon (111) faces 1:5 mm X6 mm in area and free of visible imperfections, containing 
a p-n junction, have been produced by cleavage in high vacuum. The cleavage features and the 
technique are discussed. Contact potential difference (Kelvin method) across the junction indicates 
bending of the bands at the surface due to surface states by many tenths of a volt. 


1. INTRODUCTION 

A LARGE segment of recent semiconductor 
surface work has centered on the production 
and study of the atomically clean surface. There 
are three current methods for the production 
of a clean silicon surface: (1) lengthy positive 
ion bombardment followed by degassing and 
annealing at moderate temperatures for long 
times": 2) (2) vacuum heating to temperatures 
just below the melting point,®) (3) cleavage in 
high vacuum.“) The first two methods suffer 
mainly from heat treatment effects and possible 
in or out diffusion of impurities which alter the 
crystal properties, particularly at the surface. Thus, 
it is possible to produce a crystal which is atomic- 
ally clean in the two-dimensional surface but 
which is contaminated in the third dimension per- 
pendicular to that surface. 

The cleavage technique eliminates this problem 
as well as the problem of demonstrating that the 
surface is initially atomically clean. It, however, 
suffers from three difficulties: (1) the cleaved areas 
are usually quite small and imperfect and sample 
geometries are not well suited to electrical measure- 
ments, (2) the surface cannot be regenerated at will 
save by another cleavage and (3) possible existence 
of physical damage to the crystal structure such as 
plastic deformation, dislocation production, frac- 
ture cracks, etc. These three problems are dis- 
cussed in some detail in this work. 


2. CLEAVAGE OF SILICON 
(a) Discussion of the cleavage method 
Both silicon and germanium, like diamond, 
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cleave only in the (111) plane. The tendency to 
cleave rather than fracture is very slight so that 
great care must be exercised to produce consistently 
good cleaved surfaces. 

The usual technique of cleaving by driving a 
wedge shaped knife into a notch cut into the sample 
was discarded since it almost never produced a 
cleaved surface of the quality thought necessary 
for the measurements to be made. The method 
which was employed and which ultimately proved 
reliable in yielding good usable surfaces was that 
of clamping a long (111) oriented silicon specimen 
and fracturing it by application of a bending force. 
Samples so fractured exhibited the true flat cleav- 
age surface only in that area of the cross section 
which was under tension just before the cleavage 
crack started through the crystal, i.e. the upper 
half of the newly exposed cross section. The lower 
half, which was under compression exhibits ex- 
tremely rough fracture characteristics. This fact 
is most strikingly demonstrated when it is observed 
that a sample exhibits the flat cleavage character- 
istic over its total cross section when it is exposed 
by a purely tension fracture, i.e. purely axial 
force until the sample fails. Such a cleavage is 
difficult to produce in vacuum, however. 

As has been reported by others) the condition 
of the tension surface of the sample is extremely 
important in so far as it affects the cleavage per- 
fection of the exposed surface. The major imper- 
fections in the flat portion of the exposed face are 
tear marks, i.e. very large fracture steps, radiating 
from a point in the tension surface of a sample 
fractured by bending. These marks, radiating 
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from a single point, indicate that the cleavage 
initiates from that point when the local tension 
exceeds a critical value in the neighborhood of an 
imperfection in the surface. This assumption is 
somewhat supported by the observation that if a 
moderate bending force is applied to a carefully 
etched sample, the sample can remain in the 
stressed condition for a considerable time if left 
undisturbed. However, the cleavage may be spon- 
taneously initiated at any single given point by 
simply touching the tension surface lightly with a 
pointed object and the tear marks originate from 
the point at which the surface was touched. Con- 
versely a lapped or sandblasted sample fractures 
at much lower forces than etched samples and in 
general the tear marks originate from several 
points in the tension surface. 

These considerations led to the use of samples 
with the cross section shown in Fig. 1. The sample 


N-P junction 


Fic. 1. Diagram of cleavage sample geometry showing 
overall features of cleaved surface. 


is clamped with the clamps resting firmly and 
evenly on the surfaces A, B and C. A small scratch 
is scribed on the surface C, then a sudden force is 
applied on surface B, 1 cm beyond the supporting 
edge, so that B and C become the tension surfaces. 
The greatest tension occurs in surface C and frac- 
ture initiates at the scratch. The tear marks 
radiating from the fracture point are blocked from 
the portion of the sample below surface B and if 
that surface is very carefully prepared, the clear 
area shown in the cross section of Fig. 1 is free of 
gross cleavage imperfections. 


(b) Examination of the cleaved surfaces 
The flat portions of the fractured surfaces were 


GOBELI and F. G. ALLEN 


examined under a metallographic microscope at 
magnifications varying from 10x to 1000~x. 
Except for an occasional large cleavage step found 
in some of the samples examined, the areas were 
so featureless that focussing could only be accom- 
plished at edges or on dust particles, even when 
glancing illumination was used. 

Figure 2 shows four photographs of the cleaved 
surfaces taken with an optical microscope illustrat- 
ing features of the cleavage. 

Reflection electron diffraction pictures were 
taken along the length of the flat cleaved area. 
Large numbers of well-developed Kikuchi lines 
were observed as well as sharp spots corresponding 
to the (111) silicon spacing. This is indicative of a 
high degree of perfection in the last few atomic 
layers near the surface. Especially interesting is the 
complete lack of any evidence for amorphous or 
foreign material in or on the surface. 

Electron micrographs were taken of platinum- 
shadowed evaporated-carbon replicas. They show 
that selected areas of the surfaces are flat within 
the resolution of the grainy structure of the replica. 
An imperfection or step of about 50 A amplitude 
would be detectable. Large numbers of cleavage 
steps varying in height from 50 A to 500 A separated 
by distances of thousands of angstroms are 
observed in all surfaces with the areas between 
steps being flat within the limits described above. 
Fig. 3 (a) and (b) taken at 6000 illustrate the 
step structure, while Fig. 3(c) at 62,000 illu- 
strates a flat area between steps. Only a few 
cracks were observed in one sample of three 
examined and one of these is shown in Fig. 3 (d). 
There was no evidence whatever for plastic defor- 
mation. 

Therefore, although the surfaces are not as 
featureless on the submicroscopic level as might 
be hoped, there is no evidence for physical damage 
to the crystal structure resulting from the fracture 
of the sample. 


3. EXPERIMENTAL PROCEDURE 

The sample was mounted on the end of a rod 
which could be manipulated through a sylphon 
bellows; a combination tungsten carbide scribe 
and blunt chisel tool operated through a second 
bellows was used to scribe and fracture the 
sample. These operations were carried out in a 
bakeable vacuum system in which residual 
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Fic. 2. Optical microscope photographs of cleaved silicon surface: (a) overall view 10 x ; (b) 120 x surface 
B near corner to surface C; (c) 1000 region at tension and compression boundary; (d) 1000 x region 
including surface C. 
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Fic. 3. Electron micrographs of cleaved silicon surfaces. Shadowing angle is 63-5°. Grainy background is 
believed to be inherent in replica and structure in Fig. 3(c) is an artifact used for focussing. 
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pressures of 1-5x 10-19 mm Hg were normally 
maintained. The pressure, as measured by a 
Bayard—Alpert type ionization gauge, was recorded 
continuously during the fracture procedure. Upon 
cleavage pressure bursts of 1 x 10-9 mm Hg were 
typically obtained and pump down to the initial 
vacuum occurred in a few seconds. Similar 
pressure bursts were often observed during 
scribing and other manipulations in the tube. 

The cleaved surface cuts across a p—mn junction 
of arbitrary doping so that both p- and n-type 
surfaces are simultaneously exposed for com- 
parison. Contact potential is measured by using 
a small hemispherical molybdenum boss as a 
reference surface vibrated close to the sample 
surface. This microprobe technique is used in 
order to be free of spurious effects from the con- 
taminated outer surface of the sample although at 
present it limits the sensitivity of the measurement 
to about + 0-010 V. 

As indicated in Fig. 4 the contact potential 
difference across the p—n junction gives the differ- 
ence in work function, Adwp, of the p- and n-sides 
directly. The contribution of the surface dipole, 
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Fic. 4. Energy level diagram for both sides of p-n 
junction. 


Table 1 
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shown as x in Fig. 4, remains constant on both 
sides of the junction and the bands are arbitrarily 
shown bending to produce a p-type surface. This 
work function difference, in comparison with the 
known Fermi level positions relative to the band 
edge on either side of the junction in the bulk 
give some information concerning the surface states 
found on a clean (111) silicon face. 

Results thus far on several samples from each 
of two heavily doped junctions show definite and 
reproducible work function differences from p- to 
n-sides in the expected direction, that is dp > dn, 
but only 1/5 to 1/10 of the differences in Ep—FEy in 
the bulk. The samples, dopings and differences 
are shown in Table 1. The work function differ- 
ence is larger for the more heavily doped junctions 
as expected. 

The threshold for external photoelectric emis- 
sion was measured on the hemispherical molyb- 
denum reference surface. This surface was 
polycrystalline and uncleaned, and due to beam 
defocussing difficulties it cannot be regarded as 
reliably characteristic of the tip of the molybdenum 
boss reference. The measurements indicated a 
photo-threshold of about 4-6 V and from the 
contact potential difference value we find the 
work function of the heavily doped (0-007 Q-cm) 
p-type (111) face, in the freshly-cleaved condition, 
to be 4-7 V. This is in rough agreement with pre- 
vious results of ALLEN et al.: 6) for a silicon 
surface cleaned by heating alone in high vacuum 
and known to have a strong p-film at the surface. 
Our strongly n-type (0-04 Q-cm) (111) surface, 
freshly cleaved, had a work function 0-15 V lower 
than the p-type side. 

The work function values of all silicon cleaved 
surfaces drifted upward 0-1-0-2 V after 3-5 hr 
exposure to the residual gases at a pressure of 


Difference in Er —Ey 
across junction in bulk 


Difference in work 
function, freshly cleaved 


Sample 1 0-007 Q-cm p-type 
| 0:04 Q-cm n-type 
Sample 0°42 Q-cm p-type 


4-5 Q-cm n-type 


10V 0-15 V 


07V 0:10+0-03 V 
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3x 10-1° mm Hg. Upon exposure to oxygen at a 
pressure of ~10-6 mm Hg for several minutes, 
the silicon work function increased again by 0-3- 
0-4 V, giving a total change in work function of 
0-5-0-6 V—again in agreement with other workers’ 
findings on surfaces cleaned by sputtering and 
heating. The difference in work function between 
n- and p-sides tended to decrease somewhat on 
standing in vacuum, and to disappear altogether 
upon exposure to oxygen. This effect was more 
pronounced in the more lightly doped sample than 
in the heavily doped one. 

The difference in contact potential measured on 
the more heavily doped junction requires the 
assumption of ~ 2 x 10!*/cm? surface states below 
the Fermi level to produce the required bending 
of the bands. 

These measurements in combination with 
experiments on the threshold for external photo- 
electric emission which are presently in prepara- 
tion should enable one to locate accurately the 
position and density of the surface states present 
on a freshly cleaved (111) silicon surface. 

In conclusion it may be said that for freshly- 
cleaved silicon surfaces in high vacuum the 


differences in work function between n- and p-type 
samples are measurable and in the expected direc- 
tion. They are large enough (0-15 V) to show that 
clean n-type samples do not have degenerate p- 
type surfaces. They are not nearly so large, how- 
ever, as would be predicted from a naive picture 
assuming no surface states and a flat-band model 
at each surface. Our data indicate bending of the 
bands at the surface due to surface states by many 
tenths of a volt. 
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Abstract—The effects of oxygen on the electrical properties of a cleaved germanium surface have 


OF CLEAVED GERMANIUM 


been studied by measuring the field effect, conductance, and photoconductance. Upon cleavage, the 
surface is more p-type than the bulk and remains unchanged in a vacuum of about 10-® mm Hg or 
less. When initially exposed to oxygen, the conductance tends toward a more p-type surface; then 
the surface changes towards n-type continuously at a constant oxygen pressure. When the system is 
evacuated, the surface reversibly becomes more p-type, indicating that oxygen tends to make the 
surface more n-type. In addition, the slow relaxation of the field effect in oxygen almost disappears 
in vacuum. The surface eventually becomes n-type in oxygen at 15 mm Hg for all of the samples 
measured, an effect which has not apparently been observed on surfaces cleaned by argon bom- 
bardment. The results are interpreted in terms of acceptor states at the surface and donor states 


INTRODUCTION 

THE methods which have been used to obtain 
“clean” germanium surfaces are ion bombard- 
ment, 1: 2) cleavage, 4) and hydrogen reduction.) 
Of these methods, ion bombardment has been the 
most frequently used means to produce a clean 
surface. We have chosen to use the cleavage tech- 
nique because there can be no doubt that the 
surface is clean immediately after cleavage, 
although there will be some adsorption taking place 
even in ultra-high vacuum. It is not clear that we 
have been able to take advantage of this initially 
clean surface as yet, for during the cleavage gas is 
evolved from the moving parts, the pressure of 
this gas momentarily rising as high as 10-7? mm Hg. 

Another possible advantage of the cleavage 
technique over the ion-bombardment technique 
is the possibility of less surface damage. The only 
observed dislocations on a cleaved germanium 
surface as measured by etch pit count) are those 
inherent in the bulk. The damage under ion bom- 
bardment has not been clearly defined by workers 
in the field. Before the annealing procedure, the 
damage is apparently extensive, but the final 
damage subsequent to annealing is not known. 


* This research was supported in part by the United 
States Air Force through the Air Force Office of Scien- 
tific Research (ARDC). 


which depend on sorbed oxygen and produce a slow relaxation of the field effect. 


The present investigations have a twofold pur- 
pose. First a comparison of the results to the re- 
sults with ion-bombarded surfaces is of interest; 
second, the initial steps in an attempt at quantita- 
tive determination of the influence of oxygen on a 
clean surface are described. 


EXPERIMENTAL PROCEDURE 

Reasonably good cleaved surfaces are obtained 
using an arrangement similar to that shown in Fig. 
1 which does not include the vacuum envelope. 
The germanium is oriented and cut so that the 
desired plane of cleavage is along a (111) plane, a 
plane of easy cleavage. Notches are cut at the top 
and bottom; the top notch has a peak in the center 
and the bottom notch is flat. To cleave the ger- 
manium, the hammer is raised with an external 
electromagnet and dropped. The top chisel has a 
much smaller angle than the bottom so that cleav- 
age is initiated at the top, presumably at one point. 

Upon cleavage, the two parts separate and be- 
come a field plate and a sample with a separation of 
about 0-015in. This arrangement makes field 
effect calculations possible since the spacing from 
field plate to sample should be uniform even if the 
cleave is not perfectly planar. Leads are attached 
to the sample at positions indicated by the x’s on 
Fig. 1. This arrangement allows for measurement 
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of the conductivity of the portion of the sample 
with a cleaved surface and also a portion of the 
sample with no cleaved surface. The latter 
measurement is used to account for resistivity 
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| CHISEL, 120° ANGLE 
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Fic. 1. Cleavage apparatus. X indicates the position of 
contacts to the sample. 


changes due to temperature. All surfaces other 
than the cleaved surface are lapped or sandblasted 
so that the former are presumably unaffected by 
ambient or an applied field. Photoconductance 
measurements are possible by shining light through 
a hole in the sample holder. The light is filtered by 
the germanium field plate so that penetrating light 
strikes the sample. Preliminary photoconductance 
measurements have been made in this fashion, but 
will not be reported here as they have not been 
adequately confirmed. 

We have been using two different systems to 
investigate the effect of oxygen on clean germanium 
surfaces. The first, which will be referred to as the 
“high vacuum” experiment, involves cleaving at a 
pressure of about 10-9 mm Hg and subsequently 
exposing the surface to oxygen at a pressure less 
than 10-* mm Hg. The second or “high pressure”’ 
experiment involves cleaving at a vacuum of about 
10-§ mm Hg and subsequently admitting oxygen 
at 13mm Hg. Measurements of the field effect 
and conductivity are made in vacuum and in 
oxygen. The field effect was measured with a d.c. 


might be observed. 

The insulating backing plate was cemented to 
the sample to provide additional physical support 
during cleavage. In the “high pressure” experi- 
ment we were able to use a stronger cement and 
thereby reduce the sample thickness. The dimen- 
sions of the samples used in the “high vacuum” 
experiment were about 6mm x 3 mm x2mm. In 
the “high pressure” experiment it was possible to 
obtain samples about 1 mm thick. 


EXPERIMENTAL RESULTS 
Measurements were made on both 25 Q-cm 
p-type and 17 Q-cm n-type germanium. The re- 
sults were qualitatively similar for these two re- 
sistivities so typical results for the 25 Q-cm p-type 
case will be reported here, with the ‘high vacuum”’ 
experiments being considered first. 

After cleavage at about 10-® mm Hg, the field 
effect mobility (urz) was about 50-150 cm?/V-sec 
p-type and no change in rg was observed for at 
least 100 hr at this pressure. Fig. 2 shows typical 
results for surface conductivity (Ags) and yrg as a 
function of time in oxygen at 10-5>mm Hg. The 
change in surface conductivity was related to an 
arbitrary zero before oxygen admission. The sur- 
face conductivity reached a maximum shortly after 
exposure to oxygen and then continuously de- 
creased thereafter. Two other experiments yielded 
peak values for Aas 12-8 and 12-5 umho/square. 
The field effect mobility continuously increased 
throughout the experiment and reached a final 
value roughly twice the initial mobility. It should 
be emphasized here that the absolute value of urz 
in this experiment and those to follow has about a 
30 per cent uncertainty because the capacity can 
not be calculated exactly. 

Assayed reagent grade oxygen was admitted 
through a high vacuum valve after the pressure 
had been reduced to about 10-* mm Hg. It was 
necessary to continuously admit oxygen and to con- 
tinuously monitor the pressure with an ion gauge 
during the course of our experiments, because the 
glass walls apparently sorb oxygen in sufficient 
quantity to drastically lower the pressure in a 
closed system. We were also able to reduce anom- 
alous ion gauge effects (exclusive of pumping) by 
introducing a grounded metal baffle between the 
ion gauge and the sample system. Previously, we 
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Fic. 2. Surface conductivity and field effect mobility as 
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a function of time in oxygen at 10-° mm Hg. The surface 


had attempted to introduce oxygen into the system 
by heating a strip of oxidized nickel. We later 
found that the gas evolved was almost entirely COz 
and CO, which had little or no effect on the elec- 
trical properties of a cleaved germanium surface. 
The maximum and subsequent decrease in con- 
ductivity observed in these experiments has also 
been observed by others‘?-® on surfaces cleaned 
by argon bombardment. The field effect results 
are similar to the results reported by HANDLER). 


conductivity is related to an arbitrary zero at cleavage. 


Thus, qualitatively, the results are similar. How- 
ever, quantitatively, there seem to be unexplained 
differences. For example, the maximum conduc- 
tivity we observed in oxygen relative to vacuum 
was about an order of magnitude smaller than 
observed by the Illinois group.‘: 9 This difference 
in the maximum is quite significant despite the 
general irreproducibility of the maximum observed 
on both the argon bombarded and the cleaved sur- 
faces. 
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Fic. 3. Surface conductivity and field effect mobility 
as a function of time in oxygen at 13 mm Hg. 
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In the “high pressure’ experiments the ger- 
manium was cleaved at 10-® mm and oxygen was 
later admitted at 13 mm. Fig. 3 shows Ags and pg 
as a function of time in oxygen. Here the surface 
conductivity was related to the minimum con- 
ductivity (intrinsic surface) which occurs at about 
the same time as yg changes sign. This experi- 
ment indicates the surface was strongly p-type 
initially and later became n-type in the presence of 
oxygen. BaRNES and Bansury®) also observed 
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From the curves shown, it is apparent that there 
is a reversible and an irreversible reaction occur- 
ring at the surface. The reversible phenomenon is 
relatively rapid and is associated with changing 
from oxygen to vacuum. The irreversible phenom- 
enon is slower and seems related to the total time 
oxygen has reacted with the surface. 

The observation, consistent with other workers, 
of an initial p-type surface upon cleavage, indicates 
a high density of acceptor states on the surface 
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Fic. 4. Field effect mobility as a function of time in oxy- 
gen at 13 mm Hg. The solid curve represents readings 
in oxygen and the dashed curve represents readings in 
vacuum. 


an n-type surface on cleaved surfaces of p-type 
germanium. 

Figure 4 shows pyre as a function of time in 
oxygen at 13mm. In this case the sample was 
cycled between oxygen and vacuum. The in 
vacuum measurements represent equilibrium 
vacuum values. These results show that the surface 
is more m-type in oxygen than in vacuum. Slow 
relaxation of the field effect was observed when the 
surface was exposed to oxygen and it was especially 
noticeable when the surface was n-type. The slow 
relaxation decreased considerably in vacuum. 
Qualitatively, similar results were observed on 
cleaved surfaces of 17 Q-cm n-type germanium 
but in this case less time in oxygen was required to 
reach an intrinsic surface. 


which are effective in altering the surface con- 
ductivity and field effect mobility. It is apparent 
from Fig. 3 that the irreversible reaction involves 
changes in the fast state density. We will make the 
assumption that the reversible reaction does not 
involve changes in the density or energy of the 
dominant fast states. This is supported by the 
observation that upon oxygen admission after 
evacuation ppg returns very quickly to the 
measured value prior to evacuation. 

Assuming that the surface barrier is altered 
during evacuation without changing the density or 
energy of the dominant fast states, it should be 
possible to calculate the density and energy of the 
dominant fast states from measurements of Aas 
and preg at any two values during evacuation. A 
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preliminary experiment was done on 50 Q-cm 
p-type germanium to obtain measurements of this 
kind. Fig. 5 shows Aog and pre as a function of 
time in oxygen (measured in Og). Points A and B 
represent typical vacuum measurements of Ags 
and urg, respectively. Surface conductivity versus 
surface barrier calculations were made using the 
calculation by KINGsTON and NeustapTeR“!) for 
the free carrier concentrations versus surface 
barrier and the calculations by SCHRIEFFER2) for 
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1 hr. It is observed that little variation in surface 
properties occurred in a reasonable time compared 
to earlier measurements and with larger changes 
in Acs and pre better results should become 
available. 


DISCUSSION OF RESULTS 
A cleaved germanium surface is initially 
highly p-type. When exposed to oxygen, the sur- 
face initially becomes slightly more p-type followed 
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Fic. 5. Surface conductivity and field effect mobility as a function 


of time in oxygen at 13 mm Hg. Points A and B represent equili- 


the effective mobility versus surface barrier. The 
conductivity measurements were then used to 
determine the surface barrier. Calculations were 
also made for rg as a function of surface barrier, 
including a correction term to account for the 
energy and density of surface states assuming only 
one type of surface states affect the field effect 
mobility. Corrections for effective mobility were 
necessary in this case also, Calculations were then 
made from measurements like those shown in 
Fig. 5. 

The energy of the dominant fast states subject 
to the assumptions and approximations above was 
calculated to be 0:10+0-02 eV below the center 
of the gap. The density decreased from about 3 x 
10!1/cm? at 1 min to about one-half this value at 


brium measurements in vacuum, 


by a continuous change towards an n-type surface. 
At sufficiently high pressures, a stable n-type 
surface can be produced which is in contrast to 
results reported on surfaces cleaned by argon bom- 
bardment. It was also observed that a cleaved 
surface is more m-type in oxygen than in vacuum 
and that slow relaxation of the field effect, if ob- 
served in oxygen, decreases or disappears in 
vacuum. These results, which are qualitatively 
similar to those reported on surfaces cleaned by 
argon bombardment, may be explained, at least in 
part, by a theory proposed by HANDLER and 
Portnoy), They interpreted their results in 
terms of a high initial density of acceptor type 
surface states, The initial increase in conductivity 
was explained by adsorption of oxygen as O~ and 
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the subsequent decrease in conductivity by dona- 
tion of an electron to the space charge region and 
by a decrease in the density of acceptor type 
surface states. From our results it is necessary to 
further assume that oxygen at later stages produces 
some kind of donor states on the surface and that 
these donor states may be similar to the normal 
“slow states’? observed on etched surfaces. 

It is planned to combine the “high vacuum” 
and “high pressure”’ experiments in the future so 
that more control over changes in the surface are 
possible. It is desirable to extend the calculations 
of the energy and density of fast states to lower 
degrees of surface contamination. This may be 
achieved by combining the “high vacuum’’ and 
“high pressure’ experiments on the same sample. 
Our present results concerning the energy and 
density of the fast states are limited because we 
cannot make calculations from the measurements 
immediately after cleavage and large changes occur 
during the first exposure of the surface to oxygen 
at 13 mm Hg. 
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STUDIES OF AUGER ELECTRONS EJECTED FROM 
GERMANIUM BY SLOWLY MOVING POSITIVE IONS 


H. D. HAGSTRUM 
Bell Telephone Laboratories, Murray Hill, New Jersey 


Abstract—Measurements have been made of total yield and kinetic energy distribution of Auger 
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electrons ejected from a germanium surface by singly charged noble gas ions. By this means, surface 
changes have been monitored during procedures designed to clean the surface. Ion bombardment 
yielded a reproducible surface which showed the Auger characteristics to be expected for the clean 
surface. Heating at lower temperatures for days and for a total of about 3 hr at 1170°K (40° below 
the melting point) prior to any sputtering only partially cleaned the surface. From the kinetic energy 
distribution of the Auger electrons some of the principal characteristics of the state density func- 


1. INTRODUCTION 

THE study of the interaction of slowly moving 
noble gas ions with solid surfaces is extended in 
this work to germanium. Previous investigations 
for metals) and for silicon®) have already been 
reported. ‘The phenomenon studied is the release 
of electrons from the solid in the Auger-type 
neutralization of the ion at the surface. The 
experimental results are very sensitive to the state 
of the surface as regards adsorbed impurities and 
are used to evaluate procedures for cleaning the 
germanium surface. The results also depend 
critically upon the distribution of filled electronic 
states in the solid. The determination of some of 
the principal features of the state density function 
in the valence band of germanium will be dis- 
cussed briefly. 

The results concerning initial cleaning of the 
germanium surface are presented in sufficient 
detail here. However, the report on the results for 
the atomically clean surface, its interaction with gas 
and thermal restoration, and the theoretical inter- 
pretation of the results is sketchy and will be 
expanded in other publications. 


2. EXPERIMENT 
The electronic process with which we are con- 
cerned is the two-electron, Auger-type neutraliza- 
tion of the ion as it comes close to the germanium 
surface. One electron from the germanium valence 
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tion in the valence band of germanium have been determined. 


band tunnels through the barrier between solid 
and ion to the ground state of the atom. The second 
electron picks up the excess energy of this process 
and becomes a fast internal secondary which may 
or may not leave the solid. The experiment consists 
of measuring the total yield and the kinetic energy 
distribution of those excited electrons which leave 
the solid.) Here we shall be concerned principally 
with results for He* ions on the (111) face of ger- 
manium. 

The total yield data in Fig. 1 are presented as 
the quantity y;, which is the number of electrons 
released per incident ion, as a function of ion 
kinetic energy. The several characteristics shown 
will be discussed in Section 3. The kinetic energy 
distributions are obtained from point by point 
differentiation of retarding potential data. Several 
such plots are shown in Fig. 2. 

The germanium target could be heated by 
passing current directly through it. The target 
surface could also be subjected to uniform ion 
bombardment. An arc was run between an 
auxiliary heated filament and the Auger electron 
collector in neon gas at a pressure near 10-2 mm 
Hg (not accurately measured). When the target 
was operated at a negative potential of 100 V 
relative to the surrounding arc plasma it was bom- 
barded by an ion current density of 3-5 mA cm~. 
Since the average sputtering time was 60 sec, the 
surface was struck by about 0-24 C cm~? or about 
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Fic. 1. Total yield, yi, of Auger electrons ejected by 
He* ions from the (111) germanium surface in various 
conditions plotted against incident kinetic energy of 
the ion. 


1018 ions cm~* per sputtering procedure. If the 
material sputtered were all germanium this is 
sufficient to remove about 100 monolayers.) 


3. CLEANING OF THE GERMANIUM SURFACE 

Measurements of the Auger characteristics yj 
and No(£x) were made for the germanium surface 
after etching, rinsing, and installation in the 
experimental tube. These data are shown in Figs. 
1 and 2 as curve (1). These characteristics differ 
radically from those attributable to the atomically 
clean surface. Measurements were also made on 
the surface as it was heated in an attempt to clean 
it. The heating and data-taking schedule is as 
follows: 


Apparatus baked at temperatures between 100° and 
210°C for total time of about 200 hr. Target not heated 
above these temperatures. Data for curves (1) of Figs. 1 
and 2 taken during this interval. 


Calibration of target temperature versus heating cur- 
rent during which target was heated to temperatures as 
high as 1150°K for brief intervals (30 sec.). 


Target heated to 1125°K for 4 hr. 
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Apparatus filled with dry Ne at atmospheric pressure 
for a minor glass blowing operation, repumped, and 
baked again at 110°C for about 100 hr. Data taken for 
curves (2) of Figs. 1 and 2. 


Target heated to temperatures below 940°K for 1 hr 
48 min. Background pressure now about 2 x10-® mm 
Hg. 

Target heated to 940—980°K for 69 hr 25 min. 

Target heated to 1000-1090°K for 109 hr 40 min. 


Target heated to 1170°K for 10 min. Data taken for 
curves (3) of Figs 1 and 2. 


Target heated to 1170°K for an additional 1 hr 13 
min. Data for curve (4) of Fig. 1 taken, no change ob- 
served from curve (3) of Fig. 2. 


Target heated at lower temperatures and for a total of 
1 hr 35 min more at 1170°K producing no change in 
vi or No( Ex) characteristics. 
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Fic. 2. Kinetic energy distribution, No(Ex), of electrons 
ejected by 10 eV He* ions from the (111) face of ger- 
manium in various conditions. 
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One sputtering at about 4 mA/cm? intensity for 90 
sec (no heating) produced change from curve (4) to 
curve (5) of Fig. 1 and from curve (3) to curve (4) of 
Fig. 2. 

Heating to 1170°K for about 3 hr more and four 
additional sputterings produced no further change in 
yi and No(Ex). Background pressure below 2 x10-® 
mm Hg. 


The Auger characteristics for the bombarded 
and annealed surface are those to be expected for 
the atomically clean surface. The No(£x) distribu- 
tion is what is expected from the known general 
form of the state density in the valence band 
(Section 4). The surface is reactive to oxygen and 
a drastic change similar to that found for silicon) 
accompanies the adsorption of a monolayer of 
oxygen. The oxygenated surface gives a No(E;) dis- 
tribution much like curve (2) of Fig. 2. Further- 
more, the Auger characteristics for sputtered 
germanium are like those for heated silicon for 
which there is considerable evidence that the 
surface is atomically clean.“ It is true that a 
theoretical fit could also be made to curve (3) of 
Fig. 2, but this curve cannot be representative of 
the clean surface since sputtering changes it. 

The present work thus corroborates the findings 
of FARNSWORTH, SCHLIER and others) that ion 
bombardment and annealing will produce an 
atomically clean germanium surface. It also 
corroborates the findings of these workers that 
heating of germanium just below the melting point 
does not produce the same surface as ion bombard- 
ment followed by anneal. ALLEN‘) also finds it 
impossible to produce the field emission pattern 
for the atomically clean germanium tip by heating 
alone. 

It should be pointed out that the Auger ejection 
process is apparently not as sensitive as slow elec- 
tron diffraction to disorder among the atoms of an 
atomically clean surface. Thus no essential differ- 
ence was observed between surfaces which were 
bombarded only and those annealed after bom- 
bardment. However, the Auger characteristics do 
permit one to estimate the amount of coverage of 
the surface remaining after heating alone. Com- 
parison of the bombarded curve (4) of Fig. 2 and 
the heated curve (3) of Fig. 2 with the No(£x) 
distribution for the oxygenated surface—not 
shown but like curve (2) of Fig. 2—indicates that 
the surface after heating has the equivalent of a 


STUDIES OF AUGER ELECTRONS EJECTED FROM GERMANIUM E 


sizable fraction of a monolayer of oxygen remain- 
ing on its surface. 

Law), using physical adsorption of CO, Ne 
and He on germanium, and ALLEN and Fow.er®), 
measuring contact potential differences between 
various crystal faces, found little difference be- 
tween germanium surfaces which had been 
heated for long periods to high temperature and 
those which had been bombarded. It is possible 
that these experiments are not sensitive to the 
contamination remaining on the heated surface. 
There is agreement on the desirability of prolonged 
heating at lower temperatures to release body gas 
from the germanium before attempting to clean 
the surface. There is evidence in the present work, 
in general agreement with much other work, that 
a germanium surface, once having been atomically 
clean, can be restored to this condition after oxy- 
gen exposure by heating to temperatures in the 
range 600—800°K. 


4. STATE DENSITY IN THE VALENCE BAND 
OF GERMANIUM 

Theoretical interpretation of the experimental 
results has been attempted only for the atomically 
clean surface. For this condition the incoming ion 
interacts with the valence band electrons directly 
and not with electrons associated with foreign 
adsorbed atoms. The theory is similar to that for 
metals.(9) It has been discussed briefly for semi- 
conductors in Ref. (2) and details will be reported 
elsewhere. Suffice it to sketch briefly the structure 
of the theory here. The energy distribution, Ni(€x), 
of excited Auger electrons inside the solid is pro- 
portional to the integral transform [N,(¢+4) 
N,(¢«— A) dA of the state density function, 
in the valence band. The integral is taken over 
appropriate limits and the transformation from e 
to «; effected. The two valence band electrons 
which become involved in the process have initial 
energies in the valence band of («+ A) and (e«—A). 
The external energy distribution, No(Zx), is ob- 
tained from N;j(ex) by multiplying by the proba- 
bility of electron escape over the surface barrier, 
P(x). Ex, the energy outside the solid, is the 
energy inside, €,;, minus the total barrier height, 
€9. Account must be taken of the s versus p charac- 
ter of the valence band wave functions.) Broaden- 
ing of the energy distribution by both the variation 
of the effective ionization energy of the atom near 
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the solid and the Heisenberg uncertainty principle 
must also be included.) The fit of the theory to 
the experimental results involves the determination 
of several parameters whose effects are very nearly 
orthogonal to one another. Among these are para- 
meters which specify some of the features of the 
density of states in the valence band. 

The form of the experimental kinetic energy 
distribution of Auger electrons released from 
germanium through the atomically clean surface 
is thus determined in large measure by the state 
density function in the valence band. The four 
valence electrons are known to be distributed as 
follows. Two electrons of p character lie in degener- 
ate bands which are relatively narrower than the 
band over which the two remaining electrons are 
spread. The wave functions of these latter two 
electrons vary from pure s character at the bottom 
to pure p character at the top. Neglecting spin- 
orbit interaction (unobservable in the present 
work) all bands have the same upper energy limit. 
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Fic. 3. Comparison of experimental and_ theoretical 
No(Ex) distributions of electrons ejected by 10 eV He* 
ions from Ge (111). The experimental points are those 
of curve (4) of Fig. 2. The curve is a theoretical one 
obtained from the numerical calculation carried out on 
the IBM 704 computer. 
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By fitting theory to experiment it is possible to get 
a quite accurate value for the width of the degener- 
ate p bands. A less accurate estimate of the total 
width of the valence band is also possible. 

The theory®: ®) of the Auger neutralization pro- 
cess has been programmed for the IBM 704 com- 
puter and a fit of the experimental data achieved 
by variation of the several parameters in the 
problem. The result for 10 eV He* ions on the 
(111) face of clean germanium is shown in Fig. 3. 
Considering the possible limitations of the theo- 
retical model the fit is considered to be very good. 
A considerably more extensive publication than 
the present one will be required to discuss all the 
elements of this problem. 

The theoretical fit yields 4-4 eV as the width of 
the degenerate p bands. This is only about 10 per 
cent narrower than that obtained for silicon.) 
The fit was accomplished for a total valence band 
width of 16eV. However, at present writing, 
variation of this parameter has not been completely 
explored. Any change in the total width will have 
no effect on the 4-4 eV width of the degenerate p 
bands, however. 
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SURFACES AT LOW TEMPERATURES 


A. KOBAYASHI, Z. ODA, S. KAWAJI,* H. ARATA and K. SUGIYAMA 


Electrical Communication Laboratory, Tokyo, Japan 


Abstract—The conductivity and Hall effect of cleaned germanium surfaces have been measured 
in the temperature range between 1:7°K and 300°K. The surface was cleaned by Joule heating at 
~ 800-850°C in ultra-high vacuum for ~ 20-30 hr and was then annealed at 650°C for several hours. 

Results obtained with ~ 20-40 Q-cm p-type samples show that the Hall coefficient has a steep 
maximum at ~ 10-20°K and the resistivity becomes almost flat below this temperature range. This 
character is similar to that of bulk impurity conduction found by HunG et al., but disappears on 
exposure to air which causes marked increases in both the Hall coefficient and resistivity at low 
temperatures. This impurity conduction is attributed to the surface imperfections introduced by 
the cleaning treatment of the surface. The mobility and concentration of carriers in this surface 


OF CLEANED GERMANIUM 


conduction are estimated. 


1, INTRODUCTION 

RECENT investigations": 2) on cleaned germanium 
surfaces indicate that there are a large number of 
states localized on the surface, predominantly re- 
lated to the unpaired bonds on the germanium 
surface. The density of these surface states is 
estimated to be as high as 101° states/cem? which 
behave essentially like acceptor levels making the 
surface strongly p-type even on an n-type crystal. 

In connection with these properties of the 
cleaned germanium surface, it may be expected 
that the surface states should give rise to a kind of 
impurity conduction at very low temperatures. In 
this paper we will report the work undertaken 
along this line. 


2. EXPERIMENTAL METHODS 

The samples used are slices of an n-type 40 Q-cm 
germanium single crystal with four side probes as 
shown in Fig. 1(a). The surfaces are parallel to a 
(111) face. Polishing, etching in CP-4 and sub- 
sequent rinsing were carried out following the 
ordinary procedures. In order to avoid plastic 
deformation during heat-treatment, very thin 
flexible tantalum ribbons (0-03 cm in thickness 
and 2 mm in width) were welded to the crystal at 
both ends and at the four probes. This assembly 
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was mounted on molybdenum pinch leads and 
sealed in a glass bulb as shown in Fig. 1(b). 

The bulb was evacuated to ultra-high vacuum 
by a Hickman oil diffusion pump or a mercury 
diffusion pump through two liquid oxygen traps. 


Ge SAMPLE 


L =|.5cm 

=0.35cm 
W=0.2cm 
t =0.03cm 


~BATITAN GETTER 


Fic. 1. Schematic diagram of (a) Ge slice and (b) the 
experimental tube. 
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After preliminary bake-out at 430°C for 3 hr, the 
Batitan getter* was outgassed below 1000°C, In F NAIR 
this process barium carbonate was decomposed into 
the oxide and CO, which was completely evacu- | 5 | 
ated. Then the system was again baked out | 
thoroughly. When the pressure was reduced down 10° 
to 10- mm Hg, the sample was heated by passing | Ts ST oIN AIR 

a.c. current through it. The maximum temperature - % 
at outgassing was 850°C which was measured with 
an optical pyrometer using the emissivity data of 
ALLEN®), 

At the initial stage of outgassing the pressure 
was as high as 2x 10-7 mm Hg, but decreased to 
10-9 mm Hg over the total outgassing period of 
20-30 hr. Before cooling, the sample was always 
annealed at about 650°C for at least 30 min. 

After flashing the Batitan getter, the bulb was 
sealed off from the pumping system. Outgassing 
and annealing of the sample was repeated again in 
order to remove surface contamination possibly , 


caused by gases liberated from glass at the time of 0 02 03. 04 
\/T, °K 


2-cm 


CLEANED 


Ts-5 CLEANED 


Ts,-5 R CLEANED 


oO 
ur 
oO 
o 


sealing-off. 
The resistivity, p, Hall coefficient, R, and Fic. 2. Plots of log p vs. 1/T and log R vs. 1/T for the 
cleaned surfaces of 'T'si1-4 and -5. 


magnetoresistance, py, of the cleaned surfaces 
were measured between 1°7° and 300°K. Subse- 


quently, the sample was exposed to atmospheric 
air for several days or to wet air for a short time ay 
and then re-evacuated to 10-*mm Hg. On this 
air-exposed surface the same measurements were 10” 
repeated. | 
The above mentioned heat-treatment in a high 
vacuum converted the material from n-type of % 0°t———34/—__;—________,_0° £ 
40 Q-cm into p-type of ~20-40 Q-cm. Therefore, | 
it was impossible to measure on n-type samples. 
Figures 2 and 3 show plots of logpvs.1/T and. o 
log R vs. 1/T for the samples with cleaned and air- 
exposed surfaces. Fig. 4 shows the temperature id 
dependency of Hall mobility. | ke cucaneo CLEANED 
As seen easily from Figs. 2 and 3, the cleaned | 
surface shows a steep maximum in the Hall curve “ff | | 7 
between 10 and 20°K and the slope of the resistivity ¥ | 
curve becomes almost flat below this temperature 
range. However, these low-temperature anomalies | 
disappear on exposure to air which causes marked * | | | | 
0.1 0.2 0.3 0.4 0.5 os” 


increases in R and p. 


Fic. 3. Plots of log p vs. 1/T' and log R vs. 1/T for the 
cleaned and air-exposed surfaces of T's1-6. 


* A reaction type barium getter using a titanium coil 
as a reducing agent for barium carbonate. 
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Table 1. Summary of the results obtained for germanium with cleaned surfaces 


Ts1-3 | Ts1-4 Ts1-5 Ts1-6 
(300°K) Q-cm | 6-6 31 13 38 
R(300°K) cm3/C 1-6 x 103 1-2 x 10° 3 x 104 104 
Na—Np | 5-2x108 24x10" | 9x 1018 
EaeV 0-0086 0-005 0-0062 
Na 1-37 x 1016 
Np cm-3 | 1:36 x 1016 
Necatt | 1x 1015 3-8x105 | 1016 
R(2°K) em3/C | 104 2-7 x 108 3-4x104 | <2-8 x 105* 
p(2°K) em=3 2-3x10I2 1-8x1014 >2-2 x 1019* 
p(2°K) Q-cm 52 4x10! | 108 
t (thickness) cm | 0-033 0-03 0-03 0-03 
ps(2°K) Q 315x103 | 2:7x10® =| 155x104 1-5 x 108 
pscm-2 74x10! 2-7x10!% >3-3 x 1011" 
jus(2°K) em2/V. sec | 270 68 | 148 | <127* 

| | 


Keys to symbols: ps = p(2°K) X(t/2), ps = p(2°K) X(2/t), ws = R(2°K)/p(2°K). 


—H=880 Oe 
= 2610 Oe 
10° 4. - 
> 
Prien 
oO 
CLEANED | 
10 | x 
Ts,-5 CLEANED 
= 
| 
l | l l 
10 100 300 


1000 


Fic. 4. Temperature dependency of mobility for Ts1-4 
and -5. 


The Hall mobility at these low-temperature 
anomalies is very low as shown in Fig. 4, but in- 
creases by three orders of magnitude after air- 


exposure in good agreement with the extrapolated 


surface. 


* These values are obtained at 8-3°K, where R is decreasing with temperature. 


values from the high-temperature range of cleaned 


Table 1 lists the summary of the data obtained 


with cleaned surfaces. In this table, Ngcatt refers 
to the concentration of ionized scattering centers 
calculated from the mobility at 90°K according to 
HERRING and Brookx’s formula for ionized impurity 


103 


sec 


n 


| | 
| | 


MOBILITY, 


© THIS WORK 


@ FRITZSCHE’S DATA | 


MEAN DISTANCE, R 


10°6 


V2 -/3 
orn, cm 


Fic. 5. Surface mobility as a function of the mean dis- 
tance between neighbouring surface carriers. For com- 
parison, the mobility of bulk impurity conduction de- 
rived from FRITZSCHE’s data is also plotted. The mean 
distance is given as square root of ps and cube root of 
n, respectively. 
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scattering. The concentrations of donors, Np, and 
acceptors, N4, and the activation energy for con- 
duction, £4, have been determined by DeBye and 
CONWELL’s method. 

ps(2°K) refers to the surface resistivity per 
cm? at 2°K and is defined as ps = p(2°K) x (2/t), 
where ¢ is the thickness of the sample. ps is the 
concentration of surface carriers which result in 
the anomalous conduction and will be given by 


Ps = p(2°K) t/2, 


where p(2°K) is the carrier concentration directly 
obtained from the Hall coefficient. s(2°K) refers 
to the surface mobility having the same dimension 
as the bulk one and so is given by R(2°K)/p(2°K) 
As illustrated in Fig. 5, zs is increased with the 
mean distance between neighbouring surface 
carriers. 


4. DISCUSSION 


The low-temperature anomaly of conduction 
observed at the cleaned surfaces disappears as 
soon as they are exposed to air. This change, how- 
ever, does not proceed any further by prolonged 
oxidation at room temperature. This fact suggests 
that the anomalous conduction takes place on the 
surface only or in such a thin surface layer as to be 
oxidized immediately after air-exposure. 

Therefore, we assume two different mechanisms 
of conduction, the one taking place in the bulk and 
the other on the surface. Above the Hall maximum 
temperature the bulk conduction dominates, 
whereas below that temperature the surface con- 
duction exhibits itself instead of the bulk one. 

From Table 1, the concentration of surface 
carriers, ps, is found to lie between 101° and 1018 
cm?. Taking this fact into account three models 
shown in Fig. 6 may be tentatively constructed for 
the cleaned surface: 

Model 1.* When the surface is negatively 
charged due to unknown causes, a space charge 
layer will be built up by positive holes near the 
surface giving rise to the degeneration of carriers. 
Consider the idealized potential well in which the 
potential is a linear function of the distance from 
the surface as shown in Fig. 7. Since the surface 
electric field is very strong, the kinetic motion of 


* This model is somewhat different from that of 
FREDERIKSE et al.'*) proposed in the case of Mg2Sn. 
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MODEL 2 


MODE! 3 


Fic 6. Three models showing the energy bands at the 

cleaned surface of p-type germanium, when (1) surface 

is negatively charged, (2) imperfections are segregated 

to the surface layer, and (3) surface states are situated 
close to the top of the valence band. 


a hole normal to the surface is quantized and its 
energy is given by the following discrete levels, 

1 ((37rexh)?\ 1/8 

m 
where « = 47eps/e is the electric field strength 
normal to the surface, and e the dielectric constant 
of the crystal. Energy levels for this model were 
calculated as a function of ps. The results are 
given in Table 2 in practical units. 

From Table 2 it can be seen that the mean free 


path 29 is of the order of 10~‘cm and decreases as 
ps increases. This model can possibly explain the 


n+$)?3,n = 0,1,2... 
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Fic. 7. Idealized potential well showing discrete levels, 
Eo, E1 and Fermi level Er. 
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Table 2. Variation of parameters of space charge layer when the surface carrier 
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TEMPERATURES 


density 1s changed 
| | | | 
Ds a Eo Er—Eo | Zo 
| (eV) | (eV) (cm) 


1x 101° 1-13 x 108 


10-3 


3°16:* 10-5 1:6 x 10-6 


1x10" 1-13 x 104 10-3 | 3-46x10-4 7:3 x10-? 
1 x 1012 1:13 x 105 |  3:46x10-° 3-4x10-7 
1x 1028 1:13 x 108 1:77 x1071 3:16 x 10-2 1:6 x10~? 


small magnitude of js in the anomalous conduc- 
tion. but contradicts the data shown in Fig. 5. 
Thus, it is impossible to accept this model. 

Model 2. 'This model shows the impurity con- 
duction through a surface layer with a large number 
of imperfections possibly segregated by the heat- 
treatment of the sample. Since an anomalous con- 
duction has been found along a grain boundary of 
germanium crystal,) we should pay attention to 
this model. 

On the cleaned surface we have observed ther- 
mal etch pits of the order of 106/cm? in density. 
However, these pits are not exclusively attributable 
to the dislocations because they have a flat bottom 
and a chemical etching can easily erase them, 
leaving much fewer chemical etch pits of 104/cm? 
in density. 

Assume the thickness of the surface layer which 
would suffer oxidation on exposure to air to be 
100 A. If the carriers arise from dangling bonds 
situated at every 4 A in distance along a dislocation 
line, it will be required for ps = 10!2/cm? that 
there should be so high a density of dislocation 
lines as 4 x 101°/cm?.* However, this value of den- 
sity cannot compare with that of the samples used. 

However, in spite of much care taken during the 
mounting and heat-treatment of the sample, there 
remains another possibility that some impurities 
would diffuse into the crystal and segregate at the 
surface giving rise to a highly doped surface layer. 
Tantalum would not dissolve in the crystal accord- 
ing to the experiment of Maysurc”. It is con- 
ceivable that metals with high binding energy are 
hard to segregate at the surface. ®) 


* The density of dislocation lines can be estimated 
by ps/(thickness of surface layer)/(number of dangling 
bonds per dislocation line) = 1012/10-%/(4x10-8) = 
4x10!°/cm?2, 


Model 3. We consider the case where unpaired 
bonds attributed to the Tamm-Shockley levels and 
surface steps on the cleaned surface could cause 
the impurity conduction. Let 2r; be the average 
distance between neighbouring carriers on the 
surface, the variation of rs with ps is given as 
follows: 


ps(cm~?) rs(cm) 
1010 5 x10-6 
1012 1-6 x 10-6 
1012 5x10-7 


Comparing these values of surface carrier con- 
centration, ps, with those of the bulk impurity 
conduction by FRITZSCHE™), one can easily find that 
ps = 1011/cm? corresponds to the “intermediate 
concentration range’ and ps = 10!*/cm? to the 
“high concentration range”. Therefore, the over- 
lapping of wave functions of neighbouring surface 
carriers is thought to be sufficient to give rise to the 
anomalous conduction. Furthermore, the wave 
function of carriers should extend considerably as 
their mobility increases, thus the level may be 
situated very close to the top of valence band. This 
model is not inconsistent with the fact that there 
is a strongly p-type inversion layer on the cleaned 
surface of n-type crystals. 


5. CONCLUSION 

The low-temperature anomalies in the Hall 
coefficient and the resistivity of p-type germanium 
with a cleaned surface seems to be ascribable to the 
surface levels close to the top of valence band or an 
extremely thin surface layer which would be highly 
doped with unknown imperfections. 
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SECTION II. NEW TECHNIQUES 


APPLICATION OF MAGNETIC RESONANCE TECHNIQUES 
TO THE STUDY OF SEMICONDUCTOR SURFACES 


G. K. WALTERS 


Central Research Laboratories, Texas Instruments Incorporated, Dallas, Texas 


Abstract—After a brief discussion of the magnetic resonance phenomenon, experimental methods 
and sensitivity considerations, there follow sections on the application of electron and nuclear 


paramagnetic resonance techniques respectively to the study of solid surfaces. Attention is given 
to the pioneering work done in these fields. The various types of surface information which one 
might hope to obtain by resonance investigations are outlined, and some preliminary new experi- 


mental results are presented. 


1. INTRODUCTION 
RECENT experimental investigations conducted in 
a number of laboratories have indicated that 
nuclear and electron paramagnetic resonance 
techniques can be applied successfully to the study 
of solid surfaces.1-6) As applied in particular to 
semiconductor surfaces, these techniques offer 
potentially important new methods in a field of 
study where experimental approaches are at 
present severely limited. 

In this paper, we will review some of the pion- 
eering work which is illustrative of the types of 
surface information one may obtain by use of the 
resonance techniques. We will also present recent 
results obtained in our own laboratory, by 
application of both nuclear and electron para- 
magnetic resonance methods to semiconductor 
surfaces. 

It is of importance to consider briefly some of 
the characteristics of the magnetic resonance 
methods which make them potentially valuable to 
the surface physicist. As HANDLER points out, 
the more frequently used conventional experi- 
mental methods for semiconductor surface study 
suffer from the common disadvantage that 
measurements are made in regions adjacent to the 
surface, rather than in the surface layer itself. 
Since the resonance techniques in some cases may 
be applied directly to the study of the surface film, 


it would appear that the conventional techniques 
and the resonance techniques may complement 
one another quite nicely. In fact, application of 
both conventional and resonance methods to the 
same samples may be especially fruitful. 

From the resonance signal intensity and shape 
function, one can determine in most cases the den- 
sity of each species of paramagnetic center present. 
As will be discussed in Sections 3 and 4, informa- 
tion often can be obtained regarding the degree of 
localization of the paramagnetic centers in question. 
Especially in the case of nuclear magnetic 
resonance, one has the additional desirable 
characteristic that there is never any question as 
to which nuclear species is being investigated; 
each paramagnetic nucleus has its own unique 
resonance condition. 

In the following section, a brief outline will be 
given of the conditions required for the observa- 
tion of magnetic resonance, and the pertinent re- 
laxation parameters will be discussed briefly. In 
Sections 3 and 4 the application of electron and 
nuclear magnetic resonance techniques to surface 
studies will be discussed. 


2. THE MAGNETIC RESONANCE PHENOMENON 

There are available a number of good books‘: 9) 
and comprehensive review articles“ 11) which 
discuss in detail the magnetic resonance theory, 
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experimental methods, and sensitivity considera- 
tions.“2) We will review here only briefly the 
salient features of the magnetic resonance phen- 
omenon as it may be applied to the study of solid 
surfaces. 


(a) Theory 

For the electron paramagnetic 
phenomenon to occur, the material under investi- 
gation must contain a number of paramagnetic 
atoms, ions, free radicals, or other centers, each of 
which possesses a resultant angular momentum 
and permanent magnetic moment. Similarly, in 
the case of nuclear magnetic resonance, nuclei 
with non-zero angular momentum and permanent 
magnetic moments must be present. 

If a sample containing paramagnetic centers of 
resultant angular momentum J is placed in a con- 
stant external magnetic field Ho, the energy levels 
corresponding to the different allowed spatial 
orientations of J are given by MgSHo. M is the 
magnetic quantum number and f is either the 
Bohr magneton or the nuclear magneton, depend- 
ing on whether we speak of electron or nuclear 


resonance 


paramagnetic resonance. 

g is the spectroscopic splitting factor. For free 
electrons its value is ge = 2-0023; deviations of 
resonance line positions from g = ge often occur 
and are accounted for by the presence of orbital 
angular momentum and/or interactions of the 
paramagnetic center with its environment. For 
nuclear paramagnetism, g is a number character- 
istic of the nuclear species. 

If the sample is excited by electromagnetic 
radiation of frequency v applied at right angles to 
Ho, the paramagnetic centers will absorb energy 
from the radiation field when the resonance con- 
dition 


hy = gBHo (1) 


is satisfied, where the selection rules for allowed 
transitions are AM = +1. For normal laboratory 
magnetic fields, the frequency v is typically in the 
radio-frequency spectral region for nuclear mag- 
netic resonance, and in the microwave region for 
electron paramagnetic resonance. 

For a system in thermal equilibrium, the lower 
the energy of the state the higher will be its popu- 
lation. Since the probabilities for stimulated 
emission and absorption between two states are 


G. K. WALTERS 


equal, at resonance there will be a net transfer of 
energy from the radiation field to the spin system 
of the sample, corresponding to a shift toward 
more equal populations of the energy levels in- 
volved. The rate P at which energy is absorbed 
from the radiation field is 


P= (2) 


where Hj is the amplitude of the magnetic field 
alternating with angular frequency » = 27y and 
x’’ is the imaginary part of the complex suscepti- 
bility. 

The resonance phenomenon may be further 
characterized by the spin-lattice relaxation time 
T; and the spin-spin relaxation time 7». 

As discussed above, at resonance the radiation 
field tends to upset the thermal equilibrium distri- 
bution of spins among the various energy levels. 
The new equilibrium, in the presence of resonance 
radiation, will depend on the spin-lattice relaxa- 
tion time 7}. 7) characterizes the return to thermal 
equilibrium of a spin system, starting from an 
initial non-equilibrium state. 

The spin-spin relaxation time 72, in many in- 
stances, may be considered as a measure of the 
inverse resonance line width. This description is 
adequate for simple isolated spin systems in which 
the resonance line width arises primarily either 
from interactions between the various resonant 
spins, or from a broadening of the magnetic 
energy levels due to the finite lifetime of a spin 
state. In the latter case, called 7; broadening, 
= T}. 

In more complex spin systems, “inhomogenous” 
broadening“) of the resonance line may result 
from a spread in g-values arising from local per- 
turbations of the paramagnetic center. In this 
case, we may think of the resonance line as being 
composed of a large number of narrower “homo- 
geneously”’ broadened resonance lines or spin 
packets, which are unresolved. In this case, the 
T2 for a spin packet is the relaxation time of 
interest. 


(b) Experimental techniques 

In Fig. 1 we show schematically a simple nuclear 
magnetic resonance apparatus which illustrates 
the technique principles. The sample is contained 
within the coil of a tuned circuit which is placed 
in a magnetic field Ho. 
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Radio-frequency energy is fed to the circuit 
from a constant current source. Under these con- 
ditions, the r.f. voltage developed across the coil 
is directly proportional to the quality factor O of 
the tuned circuit. At magnetic resonance, the 


Amplifier | | Recorder 


andl 
Detector 


Constant 


N s Slow Sweep 
of Ho 


Fic. 1. Simplified schematic diagram of nuclear magnetic 
resonance spectrometer. 


absorption of power by the sample from the r.f. 
field has the effect of lowering the circuit Q, hence 
of lowering the voltage across the coil. 

In practice, the radio frequency is fixed and the 
magnetic field is swept slowly through the reson- 
ance value. Hence, the power absorbed by the 
sample is recorded at fixed frequency as a function 
of applied external magnetic field. 

For electron paramagnetic resonance, due to the 
much higher frequencies employed, one generally 
goes over to microwave techniques and replaces 
the r.f. tank circuit of Fig. 1 with a resonant 
cavity. However, spectra are recorded in the 
same manner as described above for nuclear 
magnetic resonance. 

As will be discussed in more detail in Section 4, 
in the study of adsorbed species by nuclear reson- 
ance techniques it is the relaxation parameters 71 
and 72 which are of primary interest. The c.w. 
techniques described above are in this case not 
nearly so convenient as are the spin-echo pulse 
techniques first used by HAHN“4: 1), Without dis- 
cussing the technique further, we will describe 
the form in which the raw data is taken, and how 
it can be reduced to yield values for 7; and 7». 

In measuring 72, we excite the sample with 
pulses of r.f. energy at times ¢ = 0 and ¢ = 7, as 
shown in Fig. 2a. At time 27, the spin echo signal 
arrives (Fig. 2b) and is picked up by means of the 


APPLICATION OF MAGNETIC RESONANCE TECHNIQUES 45 


same coil through which the r.f. pulses were 
supplied. The echo amplitude is proportional to 
exp(— 27/72). Hence by plotting the logarithm of 
the echo amplitudes as a function of twice the 
variable 7 (the time between pulses), one obtains 
T2 from the slope of the resulting straight line. 
As shown in Fig. 2c, three pulses are required 
for a measurement of 7). The separation 7 of the 


RF Pulse 
(a) | | Envelopes 
Nuclear 
' A(2 7) Envelope 
decay Spin-echo 
signal signal 


' Envelope 
Nuclear 
' Signal 
T 1 g 
Hoo flaw 


RF pulse and F Free Spin-echo 
nuclear signal decay signal 

li i 
amplitudes TIME-> signal 


Conditions: to<To2 
RF pulse envelope width << T, ty 


Fic. 2. Schematic diagram of r.f. pulse sequences and re- 
sultant spin-echos for determination of relaxation times 
Ti and Tz: (a) applied r.f. pulse sequence for T2 deter- 
minations ; (b) spin-echo signal proportional to exp( —27/ 
T2) ; (c) applied r.f. pulse sequence for T; determination ; 
(d) spin-echo signal proportional to [1-2 exp(—7/7})]. 


first two pulses is varied until a null value is 
obtained for which there is no echo. We then 
have Ti = Tnull In 2. 


(c) Sensitivity considerations 

In the study of paramagnetic centers associated 
with a solid surface, sensitivity considerations 
become extremely important because of the small 
number of centers present in the experimental 
samples. 

The power absorbed per unit volume by the 
sample at magnetic resonance is given by equation 
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(2). For a sample containing N paramagnetic 
centers, each with spin J, 


avg?B2N [1(1+1)—M(M-—1)] 
8kT (21 +1) 


fe) (3) 


for the M<+(M-—1) transition. T represents ab- 
solute temperature. The function f(v) describes 
the resonance line shape, and is normalized so that 


D 


| dv = 1. 


0 


One may derive an expression for the minimum 
detectable y’’ by equating the resonance signal 
voltage resulting from equation (2) and the noise 
voltage due to the equivalent resistive impedance 
of the resonance and detection circuits. Using a 
receiver with noise figure F and bandwidth Av, 


V /kTFAv\ 1/2 
(4) 
7O\ Po 


min 
where V is the effective volume of the resonant 
cavity or r.f. coil, QO is its quality factor, k is the 
Boltzmann constant, and Po is the power available 
from the electromagnetic energy source. 

In a typical X-band (~3cm_ wavelength) 
electron paramagnetic resonance spectrometer, V ~ 
3.cm®, Av ~ 0-1 c/s, Pp W, O x 5000, and one 
might expect F~ 10. Under these conditions, at 
room temperature 10-18/cm®, For a reson- 
ance line width (in frequency units) to frequency 
ratio of 0-01 (typical for electron spin resonance 
lines from semiconductor surfaces), the value ob- 
tained for y’’min corresponds to about 1012 para- 
magnetic centers. As is seen from equations (3) 
and (4), even greater sensitivity can be achieved 
by lowering the temperature. 

From the above considerations, it is apparent 
that even for a fairly low surface density of electron 
paramagnetic centers, sensitivity will often not be 
a problem. 

In contrast, the observation of nuclear magnetic 
resonance from centers associated with the solid 
surface is always complicated by sensitivity prob- 
lems. Here one can detect nearly as small a y” as 
is detectable in electron paramagnetic resonance; 
however, nuclear magnetic moments are of the 
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order of 1000 times smaller than electronic 
moments and the frequencies used about 300 
times lower. Hence, equation (3) tells us that we 
will need perhaps 108 times as many nuclear mag- 
netic moments for detection as we needed elec- 
tronic moments. Even for finely divided powders, 
with large surface areas, one needs a relatively 
high surface density of nuclear magnetic moments 
if a resonance signal is to be detected. 


3. SURFACE STUDIES UTILIZING ELECTRON 
PARAMAGNETIC RESONANCE TECHNIQUES 

In the course of their investigations at liquid 
helium temperatures on shallow donor states in 
silicon, FLETCHER et al.“®) and later FEHER‘®) ob- 
served an electron paramagnetic resonance line 
which is associated with the silicon surface. ‘The 
line appears when the sample surface is mechanic- 
ally damaged by sand blasting, lapping, or crushing 
into small particles. The resonance characteristics 
are unaffected by chemical treatments which act 
only to remove, produce, or otherwise alter the 
surface film present on the silicon. The resonance 
line disappears, however, upon removal by etching 
of ~10~4 cm of the silicon surface, and reappears 
if the surface is again damaged mechanically. 

For silicon samples sandblasted with 600 mesh 
SiC, Fener ) reports a surface density of para- 
magnetic centers ~3 x 10!4 per cm~, a g-value of 
2-006, T2~ 10-8 sec (corresponding to a homo- 
geneously broadened line of half-width AH ~ 6G 
between points of maximum and minimum slope), 
and 7;~10-5 sec. The same resonance line is 
observed in both n- and p-type silicon. 

We have performed a few exploratory experi- 
ments on the surface resonance characteristics of 
both silicon and germanium samples, which were 
mechanically damaged in air by crushing into 
small particles. An average particle size of about 
0-7 was obtained by violent agitation for 30 min 
at 1200 c.p.m. in a Spex Industries Model 8000 
Mixer- Mill, using a brass container and “‘Arlcite”’ 
ceramic grinding balls (manufactured by Patterson 
Foundry and Machine Company). Small amounts 
of brass and ceramic were present in the resulting 
powders. The ceramic exhibits a weak, asymetric, 
resonance line at about g = 2-00, and its small 
contribution to the semiconductor surface reson- 
ance spectrum was taken into account. 

For silicon powdered by the above described 
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process, an intense electron paramagnetic reson- 
ance line is observed which has the same 
characteristics that FEHER observed for lapped or 
sand-blasted silicon platelets. This resonance line 
is easily observable at room temperature, and its 
associated paramagnetic susceptibility exhibits a 
linear inverse temperature dependence down to 
1-3°K, the lowest temperature at which we made 
measurements. 

Germanium powdered by the same process 
yields a single resonance line at g = 2-024+ 0-001, 
with line width between points of maximum and 
minimum slope AH ~50G. Between 1-3°K and 
4-2°K, the susceptibility is proportional to inverse 
temperature. The volume density of paramagnetic 
centers in powdered germanium is about an order 
of magnitude lower than in powdered silicon of 
approximately the same particle size. 

On the basis of existing experimental data, it is 
impossible to draw definite conclusions as to the 
detailed electronic structure of these paramagnetic 
centers. The positive sign of Ag = g—ge for both 
silicon and germanium implies that the centers are 
holes if they are non-localized, or that, if localized, 
they are due to electronic shells which are more 
than half completed.“ The centers are located 
either within the semiconductor bulk very near 
the surface, or in the interface region between 
semiconductor and surface film. 

In silicon, our unsuccessful search for hyperfine 
structure from the 4:7 per cent abundant Si?9 
isotope indicates that the surface paramagnetic 
centers are not highly localized on silicon atoms. 
This view is further supported by the fact that the 
resonance line is homogeneously broadened. 

CLARKE and Hopxins“8), and Buck and 
McKim") have shown that mechanically damaged 
germanium surfaces exhibit strong p-type con- 
ductivity. Assuming that damaged silicon surfaces 
show similar behavior, it appears possible that the 
surface paramagnetic resonance line could arise 
from the same holes as are responsible for this 
surface conductivity. 

We are unable to say whether the presence of 
an ambient atmosphere (oxygen in particular) is 
required during or after the mechanical damaging 
process in order for the paramagnetic centers to 
appear. Investigation of samples damaged in 
vacuum should answer this question and such 
studies are presently underway in our laboratory. 
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4. SURFACE STUDIES UTILIZING NUCLEAR 
MAGNETIC RESONANCE TECHNIQUES 


The nuclear relaxation processes described by 7; 
and T> arise from interactions between the nuclear 
magnetic moments and the local magnetic field. 
The local field at the position of the nucleus under 
study arises from the presence of neighboring 
magnetic nuclei, and the local field spectrum con- 
sists of both static and oscillating components. 

The high frequency components of the local 
field determine the spin-lattice relaxation time 7}. 
In particular, the Fournier component at the 
nuclear magnetic resonance frequency induces 
transitions between the energy levels in much the 
same way as does an applied electromagnetic 
field, 

The static and low frequency components of the 
local field add or subtract from the externally 
applied field so that different nuclei may see 
different total fields. This results in a broadening 
of the resonance line, hence in a decreasing 7». 

We may consider two extremes. On the one 
hand, the local field in a liquid is caused by the 
rapid Brownian motion of the magnetic nuclei. In 
this case, the small static and low frequency com- 
ponents of the local field spectrum are ineffective 
and the resonance line is very narrow. Generally, 
Tz is limited by the lifetime of a spin state, i.e. 


Ti 


On the other extreme, in most solids, the 
nuclear magnets are rigidly held to fixed lattice 
sites. In this case, the static component of the local 
field is large, and the resonance line is broad cor- 
responding to a very small T2. The high-frequency 
components of the local field are small and 7} be- 
comes quite large. 

As an illustration, for the hydrogen nuclei in 
water at room temperature, 7; ~ T2~3-5 sec. The 
corresponding resonance line width is less than 
10-4G. In contrast, for ice at — 40°C, the resonance 
line width is 16G (Tz~5x 10-6 sec), and 7} is 
about 30 sec. 

Consider now the hydrogen nuclear relaxation 
times for water adsorbed on a diamagnetic solid 
surface. The resonance line width in this case 
gives us a qualitative measure of the motional 
freedom enjoyed by the adsorbed molecules. We 
may vary the degree of surface coverage. We may 
also vary the adsorbing species. Estimates of binding 
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energy may be made from the temperature 
dependence of T2. 

Very often there will exist for a surface more 
than one way in which a molecule may be adsorbed. 
In general, each adsorbing phase will have its own 
set of characteristic relaxation times. Observation 
of a distribution of relaxation times 7) and/or T2 
is indicative of multi-phase adsorption. Nuclear 
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function of time of exposure of the adsorbent to 
the adsorbing species. 

It is instructive to consider some of the pioneer- 
ing work done in this field. In their work on water 
molecules adsorbed on silica gel, ZIMMERMAN 
et al..3) were able to demonstrate, by nuclear 
resonance of the hydrogen nuclei of the adsorbed 
water, that for low surface coverage there exist two 
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Fic. 3. Spin-spin relaxation times for H2O adsorbed on 
silica gel (after ZIMMERMAN et al.?)). 


magnetic resonance techniques often are capable 
of unraveling such multi-phase behavior, and in 
addition yield under suitable conditions the popu- 
lations of each phase. 

Since the resonance signal strength is propor- 
tional to the number of contributing nuclei, the 
degree of surface coverage can be determined 
if the sample surface area is known. When it is of 
interest, surface coverage can be monitored as a 


discrete adsorption energy sites. This fact was 
established by observation of two-phase behavior 
in the relaxation time 7». As surface coverage is 
increased, a third phase, presumably due to water 
adsorbed on top of the first monolayer, is observed 
in T2. The relative populations of the phases were 
determined also. Close}estimates were obtained 
for the lifetime of a water molecule in an adsorb- 
ing phase at low coverage on silica gel, and some 
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Fic. 5. Spin-echo signal from HzO adsorbed on powdered silicon. 


(facirg p. 48 


v @ 
/ 
| 
| 
i 4 
: 
: 


WOT 
14 
1 OF 
A 
: : 
3 
a4 
a 
4 
j 
‘ 
: 


limits could be established on the various binding 
energies. 

Figures 3 and 4 are reproduced from ZIMMER- 
MAN et al. Fig. 3 is a typical plot for water on 
silica gel of spin-echo signal amplitude A(2r) as a 
function of 7, the time between r.f. pulses (see 
Section 2). If the adsorbed system were a single 
phase, such a plot would yield a straight line. In 
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Fic. 4. Spin-spin relaxation times vs. degree of surface 
coverage for H2O adsorbed on silica gel (after ZIMMER- 
MAN et al.(?)). 


actuality, the slope of curve (2) at large 7 corre- 
sponds to one adsorbing phase, while curve (1)— 
which is a plot of the difference between curve (3) 
and the extrapolated curve (2)—corresponds to a 
second adsorbing phase. ‘The ratio Ao1/Ao2 repre- 
sents the relative amounts of water in the two 
adsorbing phases, determined from signal ampli- 
tude measurements. Fig. 4 shows the measured 
relaxation times as a function of surface coverage. 
6 is the fraction monomolecular coverage, taking 
the cross-sectional area of a water molecule to be 
10-6 A2. 

In other investigations, Mays and Brapy®), and 
FuscuIL_to and Aston) were able to obtain by 
resonance techniques a good physical picture of 
the behavior of water molecules adsorbed on 
rutile (TiO). Fuscuitto and Aston“) also 
studied methane adsorbed on rutile. TANAka® 
has reported the observation of two-phase behavior 
for water adsorbed on carbon. 

The preceding discussion is intended to illustrate 
the various types of information one might hope 
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to obtain by application of nuclear resonance 
techniques to nuclei of molecules adsorbed on 
semiconductors. The author and C. G. McCor- 
MICK are attempting to apply such techniques to 
molecules adsorbed on silicon surfaces. As was 
pointed out in Section 2, we are faced with a 
serious sensitivity problem. Whereas for silica gels 
and rutile one is dealing with large surface areas 
per unit mass (120 m?2/g to 600 m?/g), in the case 
of silicon, even silicon which is crushed to a pow- 
der, one cannot hope to obtain surface areas much 
greater than ~5 m2/g. Since at room temperature 
at least 1019 nuclei are required for detection of 
the resonance signal, relatively high surface cover- 
ages are necessary. 

In our preliminary experiments, silicon was 
powdered in air by the technique described in 
Section 3. Average particle size was about 0-7. 
The powder was pressed into a porous plug of 
length +2 cm and cross-sectional area +3 cm?, a 
nearly-saturated moist nitrogen was passed through 
it at a rate of about 1 cm?/sec. 

With our present sensitivity, we can detect a 
signal at room temperature from about one mono- 
molecular layer of water. We expect ultimately to 
be able to detect about 0-1 monomolecular layer. 

Figure 5 is a photograph of the spin-echo signal 
observed at room temperature from H2O adsorbed 
on silicon after passage of moist nitrogen through 
the porous plug for about 1-1/2 days. The coverage 
in this case is several monomolecular layers. Under 
these conditions we find 7; ~8-5+1-0 msec and 
Tz~0-6+0-1 msec. At present we are uncertain 
as to whether there is a multi-phase behavior in 
the relaxation times. 

The paramagnetism associated with mechanic- 
ally damaged semiconductor surfaces, discussed 
in Section 3, may prove to be a problem in the 
nuclear resonance study of species adsorbed on 
semiconductors. Since electron magnetic moments 
are of the order of one thousand times larger than 
nuclear moments, the former may be extremely 
effective in nuclear relaxation, and hence may 
complicate the type of nuclear resonance measure- 
ments we have considered. This problem can be 
evaluated more accurately at a later date when 
more is known about the nature of the surface 
paramagnetism. In particular, the effect of anneal- 
ing would be of interest here. 

On the other hand, it is possible that the surface 
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paramagnetism may be studied by means of its 
interaction with adsorbed nuclear magnetic species. 
Dynamic polarization experiments of the type first 
accomplished by Ers et al.(29) for benzene adsorbed 
on charred hydrocarbon surfaces may yield infor- 
mation on the relative motion of the paramagnetic 
surface centers with respect to adsorbed species, 
as well as information on the type of coupling 
(dipolar or scaler) which is predominant. If polari- 
zation can be accomplished, it could provide a way 
to increase sensitivity for nuclear resonance of 
adsorbed species by a factor of up to several hun- 
dred. We plan to attempt dynamic polarization of 
hydrogen nuclei in water adsorbed on silicon. 
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studies are made with very small amounts of 


reactant and catalyst is discussed. Applications of this technique to studies of catalytic activity, 


both steady and non-steady state, are reviewed and some obvious extensions are noted. Tracer 


IN this paper we would like to describe briefly two 
approaches that have been used in investigations 
of the nature of catalytic surfaces. Broadly speak- 
ing, these approaches could be classified as micro- 
catalytic techniques and tracer techniques. Al- 
though the particular applications we shall discuss 
are of interest primarily to catalytic chemists, the 
techniques themselves should find applications in 
other studies of the nature of solid surfaces. 


investigations aimed at the study of the nature of the surface itself are also discussed. 


CONTROLLED TEMPERATURE 


THE MICROCATALYTIC REACTOR 

In the last decade gas chromatography and 
thin-film chromatography have proved to be an 
amazingly versatile tool in the analysis of mixtures 
of volatile liquids.“-8) The operation of such de- 
vices (see Fig. 1) has been described in detail by 
a number of authors.) The mixture to be analyzed 
is added to a stream of gas such as helium or nitro- 
gen. This gas is passed through a column that 
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Fic. 1. Microcatalytic reactor. 
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contains either an adsorbent coated with a thin film 
of non-volatile liquid (such as paraffin oil) or an un- 
coated adsorbent. During the passage of the un- 
known mixture through the column, all the com- 
ponents are adsorbed by the packing. Those least 
strongly adsorbed appear first in the exit stream 
and the other components come out in an order 
determined by the strength of adsorption. For a 
given column under a specified set of conditions 
there will be a characteristic retention time for 
every pure compound. Thus, a complex mixture 
injected as a single slug into the inlet gas stream 
will emerge split into several slugs. If the choice 
of columns has been a wise one, each of these slugs 
will correspond to one of the components of the 
original mixture. If the thermal conductivity or 
some such property of the exit stream is measured 
with a recording potentiometer, we would obtain 
a curve like that shown in Fig. 2. In the ideal case, 


Fic. 2. Chromatogram of the products from the de- 
composition of 2,3-dimethylbutane over a cracking 
catalyst at 540°C. 


each peak in this chromatogram would correspond 
to one component of the original mixture and the 
area under each peak provides a quartitative 
measure of the amount of each component. This 
relatively simple apparatus is an analytical tool of 
surprising range; not only can it completely 
separate multicomponent complex mixtures, it can 
even perform complete isotopic separation.) The 
sensitivity of this device is also impressive; with 
recently developed techniques it is possible to de- 
tect as little as 10-11 moles of a given component.®) 


The activity of catalysts can be measured by 
passing reactant gases through a tube containing 
the catalyst and analyzing the effluent gases in 
order to determine the extent of reaction. Theo- 
retical treatment of such data is possible provided 
a true steady state is reached. More often than not, 
the steady state is not reached instantaneously, but 
is preceded by a gradual increase or decrease in 
activity with time that may by accompanied by a 
change in product distribution. Such behavior in- 
dicates that the nature of the surface is undergoing 
progressive change and that the “‘lined-out”’ 
activity of the catalyst is characteristic of a surface 
different from the initial surface. Studies of this 
initial non-steady state would provide valuable in- 
formation on the changes that take place on the 
catalytic surface. Such studies can be conveniently 
made by attaching a microreactor unit to the 
top of a chromatographic column as shown in 
Fig. 1.‘ 

In microcatalytic studies small amounts of re- 
actant (slugs) are introduced up-stream to the 
reactor. This can be done by injection of the 
reactant into the carrier gas stream through a 
serum cap) or by a suitable bypass arrangement. 
Typical results of such a one-shot study of the de- 
composition of 2, 3-dimethylbutane over a silica— 
alumina cracking catalyst) at 540°C are shown in 
Fig. 2. In this particular experiment, 27 1. of 
reactant was injected into the stream of hydrogen 
carrying gas and passed through 1 cm? of catalyst. 
The peak labelled H corresponds to unreacted 
2,3-dimethylbutane; the other peaks labeled A, B, 
C, D, E, F, G, etc., correspond respectively to: 
CoHy and CoHg; C3Hg and C3H¢6; 7-C4Hi0; 
n-C4Hjo, i-C4Hg and n-CyHg-1; cis and trans- 
C4Hg-2; 2-methobutane and 2-2 dimethylbutane 
or 2-methyl—2 butane. The products formed are 
comparable to those reported by GREENSFELDER 
and Voce‘) who also studied this particular 
reaction. 

This rapid one-shot technique can also be 
adopted to tracer experiments‘) if we add a flow 
type Geiger counter) in series with the detector 
as shown in Fig. 1. It is well known that olefins 
polymerize over cracking catalysts. Fig. 3 shows 
the results of a run in which ethylene labeled with 
carbon-14 and non-radioactive propylene was in- 
jected into the microcatalytic reactor. The dotted 
line shows the chromatogram and the solid line 
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represents the output of a counting ratemeter. 
Thus, this single curve yields both the product 
distribution and radiocarbon assay of the products. 

Figure 4 shows data for several successive runs 
on the micro-catalytic reactor in a study of the 
polymerization of propylene over a silica~alumina 
catalyst.2® In this set of runs the catalyst was 
being poisoned by something present in the feed 
gas. As a result, both the over-all activity of the 
catalyst and the product distribution changed 
rapidly with time. In a steady-state flow system 
the changes readily detected by this slug technique 
would have occurred in far less than a minute. 
If the sensitivity available with the latest chromato- 
graphy equipment has been fully exploited, it 
would have been possible to carry out these series 
of runs with reactant-catalyst contact times com- 
parable to those that would be used in steady-state 
studies, but with exposure of the catalyst to 
reactants for periods less than a second. In such a 
study one could obtain the intrinsic catalytic 
activity of the initial catalyst, and by careful mass 
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Fic. 3. Chromatogram (broken line) and radiocarbon 
assay (solid line) for the polymerization products of 
radioactive ethylene and nonradioactive propylene. Note 
different scales for different portions of radiocarbon assay 

curve. 
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Fic. 4. Changes in selectivity and activity of cracking catalysts after 


three successive runs in which propylene was injected into the reactor. 
The polymerization products formed include: various C4 hydrocar- 
bons, labeled 3,4,5; Cs hydrocarbons, labeled 6, 7, 8, 9, 10; as well 
as Ce hydrocarbons, labeled 10, 11, 12, 13, 14, 15, 16. The chromato- 
grams also show the reactant 2 together with Ci and Ce fragments 


formed by cracking. 
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balance, one could also gain information about 
changes occurring on the catalyst surface due to 
reaction with the feed. 

Recently, studies of the Fischer-Tropsch syn- 
thesis") have been made in this nonsteady-state, 
initial stage of catalytic reaction. This reaction of 
carbon monoxide and hydrogen to form hydro- 
carbons is generally carried out in the presence of 
a reduced iron catalyst. It is well-known that this 
catalyst may take as much as 24 hr operation on 
stream before it reaches a steady-state. It is also 
well-known that a used Fischer-Tropsch catalyst 
contains large amounts of iron carbides and 
oxides; so much so, in fact, that it is questionable 
whether metallic iron is the catalyst. Fig. 5 shows 
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Fic. 5. Initial reactions of hydrogen and carbon mon- 
oxide (1:1 ratio) over a reduced iron catalyst at 240°C. 
The first peak shows the deflection obtained for the un- 
separated reactant gases. The peaks labeled 1, 2, etc., in- 
dicate successive runs. In each run the first peak corre- 
sponds to reactant; the second to carbon dioxide. 


the results of a microcatalytic study on this 
system.“1) The products of the initial reaction 
of carbon monoxide and hydrogen on the reduced 
iron catalyst are almost exclusively carbon dioxide. 
The amount of such reaction falls with successive 
slugs of reactant but in each of the runs recorded 
in Fig. 5 no detectable amounts of hydrocarbon 
are formed. Mass balance suggests that the carbon 
dioxide is produced wholly by carbide formation. 
Additional experiments of this type have indicated 
that a carbided iron catalyst produces far more 
hydrocarbons in the initial stages of the reaction 
than the reduced iron catalysts. 

The microcatalytic technique has recently been 
used in several catalytic studies.42-14) This 


technique may be preferred over the steady-state 
technique when the catalyst is very susceptible to 
poisoning, i.e. reaction with the reactants. With 
this technique it is possible to keep the exposure 
time of the catalyst to reactant gases small by using 
very small slugs of gas. At the same time, since the 
time of contact of reactant with catalysts depends 
only on flow rate (ignoring volume changes), this 
value can be made comparable to that which 
would be used in a steady-state flow system. 
Understandably, the amount of catalyst poisoning 
by reactants depends on exposure time rather than 
contact time. Clearly, if the former is made small 
by the use of microcatalytic techniques, the poison- 
ing will be minimized. The effectiveness of this 
technique can be readily seen by comparison of 
analysis for successive slugs.{!2: 13) These tech- 
niques are also useful when exothermic reactions 
are studied on very active catalysts. In such cases 
the catalyst has a tendency to “run away”’: the heat 
of the reaction increases the catalyst temperatures; 
this increases the rate of reaction which further 
increases the catalyst temperature; consequently, 
the reaction goes nearly to completion independ- 
ent of bath temperature. Since thermal effects 
also are minimized if the exposure time is short, 
the use of microcatalytic techniques greatly 
facilitates such studies, (12: 14) 

These techniques should prove useful in studies 
of the catalytic activity of semiconducting oxides. 
In reactions such as the ammonia oxidation >) it 
has been well-established that the catalyst activity 
is markedly influenced by the incorporation of 
oxygen from the reactants into the catalyst. It is, 
in principle, possible to add or remove traces of 
oxygen before a microcatalytic run and to see how 
the catalyst oxygen content varies after exposure 
to the reactants. In an extended study with very 
small slugs, it should be possible to study, in detail, 
variation of the excess oxygen with exposure time 
to reactants and also to determine with a high 
degree of precision the dependence of catalytic 
activity on the excess oxygen present. 


TRACER TECHNIQUES 
The literature dealing with tracer studies on 
catalysts is rather overwhelming. In this section 
we would like to point to three such studies which 
have been used to characterize the surface of a 
solid. 
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It was remarked earlier that carbided iron 
catalysts are more effective in the Fischer-Tropsch 
synthesis than reduced iron. Since carbides can be 
hydrogenated to methane, it was once believed 
that the carbide functioned as an intermediate in 
the higher hydrocarbon synthesis. In an effort to 
test this hypothesis KUMMER and EMMEtT“®) pre- 
pared an iron catalyst carbided with radioactive 
carbon-14. This catalyst was then used for hydro- 
carbon synthesis with nonradioactive reactants. 
The radioactivity of the products was such that 
not more than 15 per cent of them could have been 
synthesized via the carbide. 

All heterogeneous catalytic reactions are 
assumed to proceed subsequent to chemical 
adsorption on a solid. In some cases, only a small 
fraction of the available chemisorption sites are 
active for catalysis. Nevertheless, it would seem 
that all catalytic reactions should be accompanied 
by chemisorption. One exception to this seemed 
to be the catalytic cracking of alkanes on silica— 
alumina catalysts. Standard measurements”) re- 
vealed that although physical adsorption of alkanes 
did occur, chemisorption was undetectable and 
must be less than 10-3 cm? STP/g on a catalyst 
which would form a monolayer containing 
40 cm? STP/g. Later studies utilized radioactive 
alkanes.(18) With these methods it was possible in 
principle to detect chemisorptions of 10-8 cm? 
STP/g in the presence of physically adsorbed 
gases. Such studies revealed that the amount of 
strongly held alkane is about 0-0005 cm?/g. Pre- 
sumably this relatively small number of active 
sites accounts for the activity of silica—~alumina 
catalysts. 

The beautiful studies carried out by WINTERS 
and co-workers“9) which deal with exchange 
with solids, have added a great deal to our know- 
ledge of oxide surfaces. The conclusions drawn 
from the work are many but one of the more 
surprising is the fact that gas phase oxygen will 
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exchange with solids such as Fe2O3 at temperatures 
as low as 300°C. Moreover, the amount of readily 
exchangeable oxygen agrees quite well with the 
amount on the surface as estimated by the BET 
method. All aspects of these researches lead to the 
picture of a more mobile surface than was hitherto 
conceived. 
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INFRARED METHODS APPLIED TO SURFACE 
PHENOMENA 


R. P. EISCHENS 


Texaco Research Center, Beacon, New York 


TECHNIQUES for observation of infrared spectra of 
molecules chemisorbed on the surfaces of solids 
have proven to be of major importance in studies 
of catalysis. This paper is not intended to be a 
review of the infrared study of chemisorbed mole- 
cules since a comprehensive review of this field 
has been published recently.) Instead I will out- 
line the experimental methods, with examples of 
the type of results obtained, and then consider how 
these methods might be applied to studies of the 
surface chemistry of germanium and silicon. 
Infrared studies of chemisorbed molecules can 
be carried out most efficiently in an in situ cell 
which makes it possible to reduce the sample, 
treat it with gases, and observe spectra of the 
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Fic. 1. Cell for infrared study of chemisorbed molecules. 


chemisorbed species in a single apparatus. A 
schematic diagram of a suitable cell is shown in 
Fig. 1. The cell is made by sealing infrared trans- 
parent salt windows to the ends of a pyrex cylinder. 
It is heated by a winding of nichrome wire. The 
powdered sample is supported on a salt plate which 
is held in place by a tripod. 

Most of our infrared studies have been con- 
cerned with molecules chemisorbed on small 
metal particles which are dispersed on silica or 
alumina. The carrier is treated with a solution of 
a salt of the active metal, partially dried, placed in 
the cell, further dried and reduced. 

It is important to understand the nature of this 
type of sample which is common in catalysis work 
but which is not usually encountered by workers 
interested in germanium or silicon. Fig. 2 is an 
electron micrograph of a sample of platinum 
(9 wt. per cent) on silica. The platinum exists as 
discrete particles (one is encircled) and is not 
spread over the silicon surface as a monomolecular 
layer. The platinum particle diameters fall in the 
range of 40-100A. The infrared beam goes 
through a large number of particles as it is trans- 
mitted through the sample. This transmission 
through a large number (as many as 1000) mono- 
layers greatly simplifies the problem of obtaining 
detectable infrared absorption bands. 

Figure 3 shows the spectra of carbon monoxide 
chemisorbed on silica-supported platinum and on 
silica-supported palladium. The spectrum of 
carbon monoxide chemisorbed on silica-supported 
platinum has a strong band of 2070 cm. This is 
close to the frequency of the carbon—oxygen 
stretching vibration of metal carbonyls where the 
CO group is bonded to a single metal atom through 
the carbon. Thus on the basis of analogy with the 
spectra of metal carbonyls it was concluded that 
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Fic. 2. Electron micrograph of silica-supported platinum. 
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the carbon monoxide chemisorbed on platinum is 
bonded through the carbon to one platinum atom 
as Pt-C=O. The spectrum of carbon monoxide on 
palladium has strong bands at 1820 and 1925 cm-1 
and a weak band at 2070 cm~!. The latter was 
attributed to the linearly chemisorbed carbon 
monoxide as in the case of platinum. The bands 
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Fic. 3. Spectra of carbon monoxide chemisorbed 
on silica-supported platinum and on silica-supported 
palladium. 


in the 1820-1925 cm~! region are similar to those 
found in the spectra of carbonyls, such as Fe2(CO)g, 
which are due to CO groups bridged between 
two metal atoms. Again on the basis of analogy it 
was concluded that the 1820-1925 cm~! bands 
represent the bridged type of chemisorbed carbon 
monoxide, 


Figure 4 shows the spectrum of carbon monoxide 
chemisorbed on evaporated platinum films which 
had been deposited on the faces of sodium chloride 
windows. The spectrum was observed after passing 
the beam through a series of four films. A scale 
expander was used at fivefold magnification. The 
scale expander is an important recent development, 
available commercially, which in effect makes it 
possible to increase the sensitivity of conventional 
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infrared spectrophotometers by as much as twenty- 
fold.) 

In Fig. 4 the value of J/J is 0-89 where J is the 
intensity transmitted at 2050 cm-! after chemi- 
sorption and Jo is the intensity transmitted prior 
to chemisorption. The J/Jp value is related to c, 
the number of molecules per cm? of beam cross 
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Fic. 4. Spectrum of carbon monoxide chemisorbed on 
evaporated platinum films. 


section, by the simple absorptivity law I/Ip=e-*°. 
The extinction coefficient, k, can not be speci- 
fied exactly for chemisorbed carbon monoxide 
because it varies with the amount of carbon 
monoxide which is on the surface. However, a 
value of k = 300 x 10-29 cm?/molecule can reason- 
ably be used to calculate an approximate value for 
c. When this is done, c is found to be 40x 1015 
molecules/cm?. Since roughly 1 x 10!5 molecules 
of carbon monoxide can be chemisorbed on one 
cm? of platinum surface, the measured J/Jo value 
shows that the infrared beam has passed through 
the equivalent of forty monolayers of chemisorbed 
carbon monoxide (Fig. 4). Thus each platinum 
film chemisorbed the equivalent of ten monolayers 
of carbon monoxide. This is reasonable since films 
of this type are porous and can have surface areas 
which are greater than the geometric area. 

As a final point concerning the evaporated film 
work it would be misleading not to mention that 
the platinum-carbon monoxide system is excep- 
tionally well suited for infrared studies. This is 


4 
| 
| 
A 4 | 
| 
| 
| 
| | 
VUle 
1060 | } | | | | 
Pd Pd | 
| | | 
| 
| 
Pd Pd. 
- 


58 


because chemisorbed carbon monoxide has a high 
extinction coefficient and because carbon monoxide 
is able to displace impurities such as oxygen from 
the platinum surface. 

Without going into detail, mention should be 
made of infrared studies of molecules on surfaces 
by reflection techniques. PICKERING and EcKsTROM 
used 15-35 reflections from evaporated nickel 
surfaces to study chemisorbed carbon monoxide, ®) 
FRANCIS and ELLISON studied fatty acid soaps on 
polished metal with an optical system involving 
four reflections,“) and GARDNER and PETRUCCI 
formed a light pipe by evaporating nickel onto the 
inner walls of a glass cylinder and then studied the 
spectra of carbon monoxide chemisorbed on the 
nickel.) It is unlikely that any of these three tech- 
niques would be applicable to studies on ger- 
manium or silicon because they demand surfaces 
of high reflectivity. 

The dispersed metal technique which was 
described first is ideally suited for study of 
systems of interest to catalysis but it is not well 
suited for studies of germanium and silicon sur- 
faces. However, it is possible to prepare samples 
of dispersed germanium by thermal decomposition 
of germane. This was done by TAMaARU and 
Boupart: *) who prepared germanium with a 
surface area of 2-6m?/g by decomposing ger- 
manium glass fibers. It seems likely that a higher 
area germanium could be prepared by decompo- 
sition of germane on the small particles of silica 
which is used as a carrier in the dispersed metal 
samples. However, a germanium area as low as 
2-6 m?/g is sufficient to give fifty layers of chemi- 
sorbed gas in the beam path if it is assumed that 
0-002 g/cm? (of beam cross section) could be 
tolerated. This would be equivalent to the amount 
of metal which is used in the dispersed metal 
samples. 

The dispersed germanium samples might be 
satisfactory for some problems of special interest 
in germanium surface chemistry. For example 
information on whether the surface of the ger- 
manium is contaminated by oxide could be ob- 
tained by observing the spectrum of chemisorbed 
hydrogen. Hydrogen chemisorbed on an oxygen 
atom would produce hydroxyl bands while hydro- 
gen chemisorbed on germanium would produce 
infrared bands analagous to those of germane. 
This type of sample would not be satisfactory for 
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observing the oxygen on germanium directly be- 
cause the germanium-—oxygen bands would be 
obscured by silicon—oxygen bands of the carrier. 
Evaporated silicon or germanium films would 
not suffer from this disadvantage. 

Hass and SaLzBerG'®) observed silicon—oxygen 
bands with J/Jo values (at 1000 cm) of 0-78 after 
passing through silicon monoxide films which were 
1250 A thick. The work of Katser et al. indi- 
cates that it is reasonable to assume that ger- 
manium-oxide bands would have about the same 
extinction coefficient as silicon—oxygen bands. If 
one assumes that the 1250 A silicon monoxide 
films are equivalent to 200-300 monolayers of 
chemisorbed oxygen it is evident that techniques 
similar to those used to obtain Fig. + could be 
expected to detect bands due to oxygen chemi- 
sorbed on silicon or germanium. 

A similar conclusion is indicated for attempts to 
observe chemisorbed oxygen on germanium or 
silicon disks. Because of reflection losses of about 
50 per cent for each disk, probably not more than 
three or four disks could be used in series. There 
is an added complication due to molecular orienta- 
tion which might be important in work with disks 
if these surfaces approach atomic smoothness. 
Molecular vibrations which produce dipole 
changes normal to the plane of the surface will not 
absorb radiation which is normal to the surface 
plane. This effect is not expected to be of importance 
in the work with dispersed metal samples because 
molecules chemisorbed on the small metal particles 
are randomly oriented with respect to the beam. 
Attempts to detect an orientation effect for carbon 
monoxide on evaporated platinum films (by 
changing the angle of incidence) were not success- 
ful probably because there is also no significant 
orientation in this case, 1) 

In summary it appears that there are no in- 
surmountable obstacles to applying the infrared 
techniques to studies of molecules chemisorbed 
on germanium or silicon. There is reason to believe 
that in a few specific cases information of interest 
could be obtained using commercially available 
infrared equipment fitted with thermocouple 
detectors. However, it is also evident that the 
high surface to volume ratio of the samples which 
are of interest to catalysis is an important advan- 
tage in the application of the infrared method to 
problems associated with this field. 
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FROM FREE CARRIER ABSORPTION AND REFLECTION 


OF INFRARED RADIATION 
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Abstract—The use of infrared radiation to study semiconductor bulk properties through the 
absorption by the free carriers is reviewed. Numerous applications of this technique and variations 


thereof are then discussed whereby properties of semiconductor surfaces may be determined. It is 
shown that in many instances the techniques described here have distinct advantages over other 


techniques presently in use. 


INTRODUCTION 


SEMICONDUCTORS are highly transparent to infra- 
red radiation above the lattice absorption edge. 
Any absorption can be accounted for by the action 
of the free carriers although the absorption co- 
efficients are small.) Injected carriers are found 
to absorb radiation to the same degree as equi- 
librium carriers. Thus a significant modulation 
of infrared radiation can be brought about by the 
injection of added carriers.) By using a narrow 
beam of infrared radiation, the modulation of the 
transmitted beam has been used to probe out 
carrier distributions in the semiconductor bulk 
for injection and extraction.) This technique is 
finding wide application in checking semiconductor 
properties. It has been used successfully to check 
transport) and junction theories and to de- 
termine sample characteristics such as lifetime, ®-*) 
type and homogeneity. 

Surface properties can also be deduced from 
measurements utilizing infrared radiation to probe 
out carrier densities. Basically, four approaches 
may be used to determine surface characteristics; 
these are: 

(a) Surface properties deduced from changes 

in bulk carrier densities or distributions. 

(b) Study of the spectral characteristics of 
carriers in the semiconductor space charge 
region. 

(c) Use of infrared radiation to monitor the 
carrier density in the semiconductor space 

charge region. 


(d) Surface properties deduced from reflectivity 

measurements. 

As in the bulk measurements, the surface 
measurements are often made easier by the 
possibility of changing the carrier density. In all 
the bulk measurements made up to date, the infra- 
red radiation served to probe the local conductivity 
which in many cases could not be done electrically. 
For the surface, it is proposed to determine the 
optical properties of the carriers as well as to make 
conductivity measurements. The merits of the 
various techniques suggested will be discussed. 


EXPERIMENTAL TECHNIQUE 

(a) Free carrier absorption 

The technique for the use of infrared radiation 
to measure local added carrier densities is shown 
schematically in Fig. 1. An infrared source is 
focussed onto a narrow slit or pinhole. The sample 
is placed as near as possible to the slit to maintain 
a narrow beam. An infrared detector is lined up 
with the beam which emerges from the sample. 
Filters are placed in the beam preceding the 
sample to define the wavelength range of interest; 
e.g. a combination of quartz and Ge filters is useful 
for germanium giving a band width of 2-3-5. 
The sample and detector are mounted on separate 
micromanipulators which permits sample position 
to be determined precisely and also permits the 
detector to be aligned critically with the beam. A 
fair degree of collimation is required, although the 
high index of refraction of the semiconductor is a 
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big help in constraining the beam to a narrow path 
within the semiconductor. The quantities of in- 
terest at each position of the sample are the total 
transmitted radiation, /7, prior to injection or ex- 
traction and the change in transmission, AJ, due 
to injection or extraction. It is found convenient 
to make the display of the signal on an oscilloscope. 
The value of J7 is obtained by observing the 
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enable one to study effects connected with the fast 
surface states as well as high drift field effects. We 
have used thermopiles and lead sulphide cells as 
radiation detectors. Faster detectors can be 
made.) 

The course of an infrared beam through a plane 
parallel germanium slab is shown in Fig. 2 for 
oblique incidence. The various components can 
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Fic. 1. Schematic diagram of the infrared set-up used to 


change indicated by the detector when the beam is 
obstructed by means of a shutter. AJ, which is re- 
lated to the local excess or deficit of carriers intro- 
duced in the sample, may be induced by a passage 
of current through the sample, by illumination of 
the sample, by applying an external electric or 
magnetic field, by a change of gaseous ambient or 
by other means. The measurements are simplified 
considerably through the use of the ratio AJ/J7, 
since no absolute measurements of intensity are 
then required. Because the absorption coefficients 
of the holes and the electrons are small, a high 
degree of amplification is required. This puts 
stringent requirements on the stability of the infra- 
red source especially for fast systems. The large 
thermal capacity of a globar source is a help in the 
regulation problem although it is by itself in- 
sufficient. Some of the work proposed here would 
require the use of a fast detector which would 


probe out carrier disturbances in semiconductors. 


be calculated from simple geometrical considera- 
tions. The first two transmitted components are 


given by 
I71 = (1—R)?Jo exp (—hod) 


and 
= (1—R)?R2Jp exp (—3kod), 


where R is the reflectivity of the semiconductor 
surface, Jp the incident radiation intensity, ko the 
extinction coefficient, and d the length of the path 
for one passage through the sample. For low 
doping (small ko) in germanium, an error as high 
as 20 per cent can be encountered by neglecting 
the higher order components. If the higher order 
components are important, it is easier to eliminate 
them than to take them into account mathematic- 
ally. By using oblique incidence as shown in Fig. 2, 
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they can be eliminated. The higher order com- 
ponents can be deflected further with the aid of a 
small germanium wedge. It is also evident that 
higher sensitivity can be gained by using one of 
the higher order components. 


SLIT WIDTH = 0.0! cm. 
SAMPLE THICKNESS =1.0cm. 
ANGLE OF INCIDENCE = 30° 
BEAM DIVERGENCE = 10° 
BEAM DISPLACEMENT=0.12cm. 
ANGLE OF REFRACTION=7° It; 


Fic. 2. Separation of an infrared beam into numerous 
componentsdue tomultiplereflectionsinasemiconductor. 
The numbers indicate the percentage of the original 
beam found in the various components for germanium. 


When the carrier density is disturbed, [71 can 
be written as 


Ip + AI=Ip(1-R)? exp[ (ko +k)d] =I exp( F ha). 


This is so only if the reflectivity remains un- 
changed with injection or extraction. The assump- 
tion that the reflectivity remains unchanged with 
injection is a very good one and will be discussed 
in more detail. 

The absorption coefficients are actually wave- 
length dependent. By using a narrow band of 
radiation or by working in a region where the 
absorption coefficients do not change rapidly with 
wavelength (e.g. 2 to 5u for germanium), an 
average constant may be assumed for the absorp- 
tion coefficient. 

If the above considerations are satisfied, the 
observed signal can be written as 


+Al/Ip = exp[F(knAptkeAn)d] -1, 
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where ky and k, are the absorption coefficients for 
holes and electrons, respectively. This expression 
reduces to 


Al/Ip ~ + (RnAp+keAn)d, 


when the exponent is much less than unity. This 
condition is generally met as the k’s are of the 
order of 10-16 for each free carrier. For heavy in- 
jection the exponential must be used. For the 
neutral bulk, where it can be assumed that 
Ap = An, a constant proportionality exists between 
Al/I7 and the change in carrier density. Thus 
strict proportionality exists between Ap and 
AI/Ip if the following conditions are met: 
(a) Multiply reflected beams can be neglected 
or eliminated. 
(b) Change of reflectivity with added carrier 
density can be neglected. 
(c) Variation of the wavelength dependence of 
the absorption coefficient can be neglected. 
(d) Added carrier density is small. 
Any non-linearity of the detector must, of course, 
be taken into account. Using the bandwidth 2-34, 
from a globar heated to a brightness temperature of 
about 1100°C, we have determined the constant 
relating the change in carrier density to the relative 
change in intensity of the infrared radiation and 
have found the following relationship, 


5x 1045 AJ 
Ip 

The proportionality constant can be determined in 

one of the following ways: 

(a) By a comparison of the relative optical ab- 
sorption increase with electrical conductivity 
measurements for the same level of injection. 

(b) By comparing the maximum relative increase 
of transmission for a near intrinsic sample 
under the condition of field-aided extraction 
to the calculated maximum permissible 
extraction at the same temperature. 

(c) By determining separately the absorption 
coefficients from sample transmission 
measurements. 

This technique can be used to probe out changes 
in carrier densities in the surface barrier by in- 
internally reflecting the infrared radiation. The 
added carrier densities and the fractional change 
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in absorption, if no changes in the carrier density 
in the neutral bulk occur, are related through 


Al 2n 
+ — = exp | (kpnAP+ hk, AN) 
Ir cos 


Here AP and AN represent the change in the total 
number of excess holes and electrons per cm?, 
respectively, @ the angle of incidence and n the 
number of reflections. It is convenient to work at 
angles greater than the critical angle when R be- 
comes unity. As AP is not in general equal to AN, 
the individual absorption coefficients must be 
known. 


(2) Reflection by free carriers 

Although it was assumed in the previous section 
that the change in the reflectivity due to carrier in- 
jection is small and could be neglected in making 
absorption measurements, it is just this change 
which needs to be measured in order to determine 
properties of the surface from reflectivity measure- 
ments. To make such measurements, the beam is 
reflected internally or externally from a semicon- 
ductor surface and the quantity AJ/Ip should then 
be related to the change in carrier density. The 
theory involved is an application of Fresnel’s 
equations to a semiconductor. The free carriers 
can make a small contribution to the reflectivity 
through their effect on the imaginary part of the 
absorption coefficient. Generally this is a very 
small effect and the experiment becomes almost 
impossible if the reflectivity changes need to be 
separated from the absorption changes which are 
some 105 times greater, although of opposite sign. 


(3) Techniques for creating carrier disturbances 

All of the studies outlined here depend on the 
possibility of altering the carrier density within the 
semiconductor surface or bulk, at least they are 
made easier because this can be done. The changes 
in the bulk are caused by injection or extraction 
which actually changes the product of the carrier 
densities even though the temperature remains 
fixed. This change can be brought about through 
the use of junctions, injecting contacts, exciting 
radiation or deflection of equilibrium or added 
carriers through the use of crossed electric and 
magnetic fields. This latter technique has been 
highly neglected even though it appears to be very 
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important. By using crossed electric and magnetic 
fields to deflect injected8) equilibrium carriers or 
to deflect carriers from a surface of high generation 
rate to one of low generation rate,(%) added con- 
centrations of 10!8/cm? can probably be developed 
in thin regions near a surface. More will be said 
about this when specific applications arise. 

The surface carrier density can be changed 
either through a change in the carrier composition 
in the surface barrier without a change in the 
product of the carrier densities or through a change 
in the pn product. A change in barrier height alone 
can be brought about by a change in the chemistry 
of the surface or through a field effect type of 
experiment. Any change in the pm product in the 
neighboring bulk results in a change of the pn 
product in the surface, hence any of the techniques 
used to change the carrier density in the bulk also 
apply to the surface. 


APPLICATIONS TO SURFACE STUDIES 

(1) Surface properties deduced from bulk carrier 

distributions 

(a) Surface recombination velocity, Perhaps the 
most fundamental and direct measurement of 
surface recombination velocity can be obtained 
from a measure of excess or deficit transverse 
carrier distribution in a semiconductor bulk re- 
sulting from injection or extraction of carriers.) 
The technique used to obtain results here is 
identical to that described in connection with Fig. 1 
from determinations of transverse distributions. 
Such measurements are shown in Fig. 3 for both 
injection and extraction of carriers into a parallelo- 
piped for the case that the opposing sides have 
unequal values of s. If the two opposing sides have 
equal values of s, its value is given by 


D 
Y ty 


where Cy is the ratio of the value of A//I7 at the 
surface (y= Y) to its value in the center of the 
crystal. The sample must be large enough so that 
the distributions can be determined precisely. 
Homogeneity in sample doping is required other- 
wise the equations involved become complicated. 

A rather useful application of this technique has 
been made in the measurement of the surface re- 
combination velocity for a semiconductor before 
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and after a metal was brought into contact with the 
surface to determine what effect the metal may 
have on the surface recombination velocity. To 
measure conductivity electrically in this case was, 
of course, out of the question. 


solution of the equations involved would have to 
be considered, which would result in complicated 
expressions relating surface recombination velocity 
and added carrier density. Crossed electric and 
magnetic fields can, however, be used to control the 
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Fic. 3. The transverse added carrier distribution for injection 
and extraction in a sample whose opposing surfaces have different 


values of recombination velocity. 


Both the added and deficit 


carrier distributions lead to the same value of surface recombina- 
tion velocity. 


Another useful application of this technique 
might be to study surface recombination velocity 
versus Carrier concentration. The carrier concen- 
tration cannot conveniently be controlled over a 
wide range through injection by a junction or light 
for this purpose. High concentrations could be 
obtained only by making measurements near the 
plane of injection, thus the “higher modes” in the 


concentration of carriers in a uniform manner and 
the densities can be calculated. Carriers can be 
deflected from a diamond polished surface. If the 
normal generation rate is inadequate, photo gener- 
ation can be used to enhance it. Measurements of 
the carrier distribution can then be made in a 
direction parallel to the direction of the magnetic 
field. The infrared will pass through a region of 
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injection and a region of extraction; i.e. the infra- 
red will see both of the curves of Fig. 3. The con- 
tribution of the extraction signal can be determined 
or can be neglected as it will be small. 

Infrared radiation can be used in any other 
experiment where surface recombination velocity 


INFRARED 


METALLIC 


CONTACT. 


these observations it is possible to determine the 
surface type, the magnitude of the surface potential 
and the properties of the surface states. The re- 
sults will vary according to the type of contact that 
is made to the surface. The contact may be metallic 
(Fig. 4(a)) or capacitive (Fig. 4(b)). 


Ge SAMPLE 


DETECTOR 


x 


Fic. 4. Schematic diagrams of various techniques used 

for obtaining information about the semiconductor sur- 

face through added carrier absorption. (a) Metal to semi- 

conductor contact; (b) capacitive contact; (c) probing 
the space charge region. 


is determined from conductivity measurements. 
Its uniqueness lies in its use to probe out local 
conductivity as discussed above. 

(b) Injection or extraction properties of a surface. 
When a transient or steady state current is passed 
through a surface, injection or extraction effects 
may be observed in the semiconductor bulk. From 


F 


(i) Metallic contact. For the case that a metal 
makes contact to the semiconductor, we are 
dealing with the old problem of metal to semi- 
conductor contacts. It has been convincingly 
shown that by examining the injection—extraction 
effects in the semiconductor bulk as a function of 
current through the use of infrared radiation, 
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much more can be determined about the nature 
of a contact and the surface than through an 
examination of the current-voltage characteristics. 
Thus this is a powerful technique to study metal 
to semiconductor contacts 19) as is illustrated 
by the current versus added carrier density 
characteristics in Fig. 5 and the corresponding 
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Fic. 5. Current versus added carrier density character- 
istics for p-n junctions and metal-to-semiconductor con- 
tacts. (a) Characteristics for grown and alloyed junctions 
and rectifying metal-to-semiconductor contacts; (b) in- 
jection for either direction of current flow; (c) extraction 
for either direction of current flow. The latter two curves 
may be observed for a contact where the metal and the 
semiconductor are separated by a thin insulating layer. 


current-voltage characteristics in Fig. 6. Normal 
rectifying contacts can be investigated through an 
examination of either the current versus added 
carrier density characteristics (Fig. 5(a)) or the 
current voltage (Fig. 6(a)) characteristics, although 
the former has some advantages.!) Other contacts 
such as those exhibiting injection or extraction for 
either direction of current flow, however, may exhibit 
large effects in their current versus added carrier den- 
sity characteristics (Figs. 5(b) and 5(c)) and small 


or no effects in their current-voltage characteristics 
(Figs. 6(b) and 6(c)). It was found that an insulating 
film between the metal and the semiconductor 
plays an important role in these unusual character- 
istics (Figs. 5(b) and 5(c)) through a field effect and 
a voltage controlled injection.“!) In the absence of 
the insulating layer, the semiconductor surface, 
which probably remains unaltered when the metal 
is brought into contact, is the controlling factor at 
the metal to semiconductor contact. Such contacts 
exhibit J—Ap characteristics quite like those for 
grown or alloyed junctions. The characteristics of 
such contacts can be described by treating the 
semiconductor surface-semiconductor bulk struc- 
ture in a manner analogous to a p—n junction, 
Measurements of the current versus added carrier 
density characteristics give information on the 
surface type, magnitude of the surface potential 
and properties of the surface states. 

(ii) Capacitive contact. The surface injection 
experiment!2) (Fig. 4(b)) which is just a high fre- 
quency field effect experiment, can also be per- 
formed using infrared radiation to detect the 
excess or deficit of carriers in the semiconductor 
bulk. For this experiment it is necessary to have a 
detection scheme which would respond in a time 
of not more than the carrier lifetime. For the 
examination of the fast states, even a faster detector 
is necessary. It has already been shown that this 
experiment may be used to determine surface type 
and surface potential as well as to study surface 
states. It may also be useful in determining surface 
mobilities. This technique for studying surfaces 
has the advantage that no assumption need be 
made concerning surface mobilities as is required 
in the field effect experiment. 

(c) Measurement of surface barrier height. Barrier 
heights under metal contacts can be determined 
precisely from an experiment similar to that de- 
scribed by JoHNson“®) for a free surface. In the 
present experiment, carriers are injected optically 
and simultaneous measurements are made of their 
density under the contact and the floating potential 
of the contact. These experimental results can be 
used to identify the surface barrier height. Fig. 
7 shows such measurements for silver and 
aluminum evaporated on cleaved, near intrinsic 
germanium samples. The surface was found to be 
strongly p-type and the barrier height was inde- 
pendent of which metal made contact to the 
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Fic. 6. Three current-voltage characteristics which may 

be observed for metal-to-semiconductor contacts. The 

symmetrical and linear characteristics occur for contacts 

which exhibit injection and extraction, respectively, for 

either direction of current flow. It is evident that the 

current-voltage characteristics cannot be used to make 
sensitive studies of such contacts. 
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surface. When aluminum was evaporated onto a 
cleaved surface which was exposed to the atmo- 
sphere, the surface was found to be still p-type but 
much less strongly so. 
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Fic. 7. Plots of contact floating potential versus added 

carrier density for a cleaved germanium surface. When 

the experimental results are compared to theoretical 

calculations, the barrier height under the contact can be 

determined. The surface is found to be p-type for both 
the fresh and the contaminated surfaces. 


The techniques described in this section should 
be useful to workers studying electrolyte—semi- 
conductor interfaces. 


(2) Absorption coefficients and spectrum of the 

carriers in the space charge region 

A knowledge of the absorption coefficients in 
the space charge region should yield some infor- 
mation about the scattering processes in the semi- 
conductor surface and thus about the surface 
mobilities. The absorption coefficients can be 
measured through the field effect experiment 
where a known added charge is induced in the 
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semiconductor surface. The measurements would, 
of course, have to be made quickly to avoid un- 
certainties arising from absorption of charge by 
the surface states. 

The infrared spectrum of the holes is now ex- 
plained in terms of the semiconductor band 
structure. It should also be possible to measure 
any change of this spectrum in going from the 
bulk to the surface and thus shed some light on the 
possible change in band structure. 


(3) Monitor of the carrier densities in the space 

charge region 

When the absorption coefficients are known, 
infrared radiation can be used to monitor surface 
conductivity, in the manner shown in Fig. 4c, as the 
carrier density in the space charge region changes. 
These changes may be brought about by a change 
in the surface states from chemical effects, by 
externally applied fields through the so-called 
field effect, by changing the gaseous ambient, or 
by bringing a metal with a different work function 
from the semiconductor in close proximity to the 
semiconductor surface. That such measurements 
can be made has already been demonstrated 
qualitatively (see Fig. 8), where it was shown, in 
particular, that the metal to semiconductor contact 
potential has an effect similar to that of an extern- 
ally applied field in causing transient changes in 
the surface barrier height.(4) With a knowledge of 
the absorption coefficients and with the aid of a 
fast system, quantitative measurements can be 
made. Care needs to be taken in these measure- 
ments that changes in the surface reflectivity are 
properly considered. 


(4) Reflectivity measurements used to determine 

surface properties 

(a) Internal reflectivity measurements. Internal 
reflectivity measurements can be made using the 
same scheme as used to measure carrier densities 
in the semiconductor surface from absorption 
measurements as shown in Fig. 4(c). This tech- 
nique has already been utilized to determine the 
reflectivity of a Ge-Hg interface as a function of 
angle of incidence at a wavelength of 3.5) The 
results are shown in Fig. 9. It should be noted that 
a discrepancy exists between experiment and theory 
for the reflection coefficient of the parallel compo- 
nent of polarization, R,, at the principal angle. If 
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this discrepancy can be cleared up, measurements 


of R, near its minimum may be used to give some 
information about the surface barrier. Because of 
the generally large reflectivity loss from metal-— 
semiconductor interfaces, it is expected that little 
information can be gained about surface barriers 
from measurements of reflectivity before and after 
a metal comes into contact. 
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extreme caution must be taken with regard to 
signals from a change in absorption and recombina- 
tion radiation. For the experimental set-up shown 
in Fig. 4(c), any changes in barrier height arising 
from changes in the gaseous ambient, field effect, 
or field from the contact potential could be qualita- 
tively accounted for in terms of carrier absorption. 
Some observations attributed to changes in reflec- 


Fic. 8. Relaxation effects in the semiconductor surface arising from bringing 
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a metal into contact with a semiconductor. These results indicate that the 
contact potential has an effect similar to that arising from an externally 


It is unlikely that internal reflectivity measure- 
ments from semiconductor—air surfaces can be 
used to study surface barriers because the 
modulation due to absorption is some 10° times 
greater, although it is of opposite sign. We have 
tried to make such measurements but did not 
observe any signals which could be attributed to 
reflectivity changes. Referring to Fig. 2, modula- 
tion by injection was found from beam /z2 but not 
for Ip}. The modulation in [pz could be explained 
entirely by the change in the absorption for the 
internally reflected beam. For such measurements 


applied field as in the field effect experiment. 


tivity with carrier injection have been reported.(® 
It is difficult to evaluate them, however, without 
more information. 

(b) External reflectivity measurements. JOHNSON 
and MILver‘!’) have attempted to investigate sur- 
face properties of semiconductors through the use 
of polarized light and making precise measure- 
ments of the external reflectivity coefficient for the 
parallel component of polarization near the 
principal angle. Their technique can be under- 
stood with reference to Fig. 9 which shows how the 
reflection coefficients for perpendicular and parallel 
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polarization change with angle of incidence for a 
germanium-mercury interface. Reflectivity theory 
indicates that the reflection coefficient of the 
parallel component of polarization at the principal 
angle is zero for an insulator. Any departure from 
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Fic. 9. The reflectivity coefficients for the perpendicular 

and parallel components of polarization for a germanium 

mercury interface as a function of angle of incidence at 
a wavelength of 3 pu. 


zero should then be a measure of the surface con- 
ductivity. This approach thus seems to be a sensi- 
tive one because no large initial signal needs to be 
balanced off. In analysis of their measurements on 
rutile and strontium titanate they found it im- 
possible to distinguish between a gradual change 
in carrier density, as may be found in a semicon- 
ductor surface, and an abrupt change, as may 
result from the presence of an oxide or other 
impurity layer on the surface. Thus it appears 
difficult to make absolute measurements in this 
way. However, their technique appears to have 
real merit if applied to semiconductor surfaces 
where the barrier height or carrier density in the 
barrier may be changed. The barrier height can be 
controlled through a field effect type of experi- 
ment. Carriers may be added to the surface by in- 
jection. It is here that the concentration of added 
carriers by magnetic deflection may really prove 
to be of value. Presumably large changes in carrier 


densities can be produced. From the calculated 
carrier distribution and a measure of the total 
number, using the technique shown in Fig. 4(c), the 
actual density at the surface can be determined. 
This added carrier density can be modulated easily 
which will add to the sensitivity of the experiment. 
Results in this experiment should provide a sensi- 
tive check of reflectivity theory. This technique, if 
successful, should provide a powerful tool to moni- 
tor the properties of a semiconductor surface. One 
particularly useful application of such a technique 
would be in a check of the Boltzmann relationships 
which relate the semiconductor surface and the 
neighboring bulk. Such a check has already been 
made for a p—n junction.) In order to use the 
Boltzmann relationship in solving the Poisson 
equation for the semiconductor surface in steady 
state, some assumption has to be made; e.g. con- 
stancy of charge in the surface barrier. It is not 
clear to us that this assumption is completely 
justified. One could check such an assumption by 
determining the added carrier in the bulk, the 
change in carrier densities at the surface and 
simultaneously determining the surface photo- 
voltage. Such an experiment is an important one 
as the relationship in question has bearing on 
metal to semiconductor contact characteristics and 
free surface theory. 


CONCLUSION 

Infrared radiation might be used to study semi- 
conductor surfaces in one of the following ways: 
From a monitor of the added carrier density in 
the bulk or in the space charge region; through 
a study of the spectral characteristics of the 
carriers in the space charge region; or through a 
study of the reflectivity as a function of carrier 
density. Some of these applications have already 
been realized and have yielded useful information 
especially in the field of metal to semiconductor 
contacts where the nature of the surface is a con- 
trolling factor. It is shown that more sensitive 
tests of the contacts can be made by examining the 
current versus added carrier density characteristics 
rather than the more usual current-voltage 
characteristics. It is shown that recombination 
velocity and barrier height under the contact can 
be measured. These and other experiments open 
up a new line of attack to determine the nature of 
the semiconductor surface. 
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MEASUREMENTS OF SURFACE TRANSPORT 
PHENOMENA 


T. H. GEBALLE 
Bell Telephone Laboratories, Murray Hill, New Jersey 


TRANSPORT properties in bulk germanium have 
been carefully studied and are quite well under- 
stood in many cases. The use of strain fields and 
thermal gradients as well as electric and magnetic 
fields over a wide range of temperature has been 
valuable. In the present paper the extension of 
some of these variables to measurements of surface 
phenomena will be considered. 

In particular, the thermoelectric power, Q, 
would appear to be a promising quantity to in- 
vestigate. The experimental measurement should 
require only minor modification of the existing 
techniques that are used in measuring surface 
conductance. The only additional variable to be 
determined is the thermal gradient which can be 
estimated from the measured Seebeck voltage and 
the known Q for bulk germanium in a manner 
similar to that which has been done in investiga- 
tions of the thermomagnetic properties of bulk 
germanium.) Thus it is not even necessary to 
add thermocouples to the sample. The measured 
O is simply the average of Qs and Q» weighted 
with respect to their conductances gs and gp, 
where the subscripts refer to surface and bulk. If 
Os; and Q» are not equal then circulating currents 
will flow and the measured Q will be given by the 
following. 


Omeas = (Osgs+ Ongv) (1) 


If one applies a variable electric field « at the sur- 
face, O will be modulated according to the follow- 


ing relation. 

dQ 
| 
\ \ 


assuming gs <<g». Working around the region of 
surface potential where dgs/de is large, the first 
term in the brackets should dominate so that (2) 


dgs 
—-+ 
de . 


dO. 


2) 


de} meas 
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should reduce to a simple expression for Qs in 
terms of measureable quantities. However, the 
interpretation of Qs in terms of a microscopic 
model will require the same order of theoretical 
work as does the calculation of mobility and other 
transport parameters. Above room temperature 
QO; depends upon the location of the Fermi level 
and a scattering term. 


Os; = (Aer)s+ ART. (3) 
A depends on the type of scattering and distri- 
bution of carriers and is of order unity; and (Aep)s 
is the energy difference between the Fermi level 
and the appropriate band edge properly averaged 
over direction normal to the surface. 

Below room temperature phonon-drag effects 
may become important. Q is enhanced in value 
above that given by the tendency of the mobile 
carriers to diffuse in the thermal gradient due to 
the preferential scattering of the carriers by the 
asymmetric distribution of phonons which exists 
of necessity in the thermal gradient. The phonon- 
drag contribution to Q is proportional to the 
strength of the phonon-electron coupling and to 
the relaxation time of the long wavelength phonons 
with which the electrons interact. Thus the phonon 
drag contribution Qs will be sensitive to the degree 
of boundary scattering of the phonons. Such 
sensitivity of Q, and indeed of the thermal con- 
ductivity also, has been observed at low tempera- 
tures where boundary scattering is the chief 
mechanism for returning the phonons to thermal 
equilibrium. It has been found that at low tempera- 
tures etched (111) planes exhibit a higher degree 
of specular reflection of phonons than other 
etched surfaces, thus indicating that such planes 
look smoother to phonons of a few hundred 
angstroms wavelength than (110) and (100) planes. 
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MEASUREMENTS OF SURFACE TRANSPORT PHENOMENA 
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Fic. 1. Transverse magnetoresistance in high purity n-type germanium 
at 77°K for two different sample preparations. The sample cross-section 
is approximately 1 mm x 4$ mm. (After HERRING, GEBALLE and KUNZLER"),) 


Perhaps the surface mobility of electrons and holes gradient and studying thermomagnetic phenom- 
may also depend on the plane of the surface on ena.“) At the stage of development of surface 
which the measurements are taken. physics at the present time where the simpler 

It has been possible to obtain a wealth of detailed quantities such as conductivity itself have not been 
quantitative information in bulk germanium by _ thoroughly investigated over a wide range of tem- 
superimposing a magnetic field on the thermal perature it is perhaps premature to become too 
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Fic. 2. Transverse magnetoresistance in high purity n-type germanium 
at 77°K for samples which were heated and plastically deformed 
(through the courtesy of R. A. Logan) so as to produce the concentrations 
of (1TO) dislocations indicated. The control sample was heated but not 
purposely bent. (After GEBALLE T. H. and KUNZLER J. E., unpublished.) 
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involved in speculating how the more complicated 
transport properties behave. 

However, rough observations already made in- 
dicate a sensitivity to surface conduction of 
quantities such as the Nernst effect where in some 
temperature regions the bulk effect becomes zero 
so that only surface effects are observed. The 
Nernst field, which is the analogue of the Hall 
field when a thermal gradient replaces the applied 
electric field, is the resultant of the competition 
between the Hall fields of different groups of 
carriers which diffuse differently in the thermal 
gradient. In high-purity n-type germanium 
diffusion of the different groups of electrons be- 
comes either independent of energy or at least a 
non-monotonic function of energy around 200°K 
due to the counteracting influences of the phonon 
drag and the normal kinetic terms. As a result, the 
bulk effect becomes very small and the influence 
of the surface becomes important as is evident 
from the observation that the sign of the Nernst 
field reverses upon sandblasting a previously 
etched surface. The presence of light and heavy 
mass holes in p-germanium and p-indium anti- 
monide is strikingly evident in measurements of 
the Nernst effect as a function of magnetic field 
in the phonon-drag region,’ even though a quan- 
titative analysis is not easy. The presence of light 
and heavy holes in surface inversion regions might 
also be easy to detect. 

The change of surface conduction with applied 
strain, or the surface piezoresistance, is another 
effect which presumably can be measured. While 
such measurements have been valuable in deter- 
mining the band structure of bulk germanium, 
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it is not obvious that they could be made accurately 
enough to be of value in determining surface pro- 
perties. 

Other effects such as the high-field transverse 
magnetoresistance may be of more value. In high- 
purity germanium at liquid nitrogen temperatures, 
fields of 3000 G cause Hall angles of the order of 
one radian to exist in the bulk material. The large 
Hall fields which occur in higher magnetic fields 
can be shorted by surface conduction by dis- 
locations or by less well-defined inhomogeneities. 
Surface conductance of the order of one per cent 
of the bulk conductance is presumably the cause 
of serious nonsaturation of the observed transverse 
high-field magnetoresistance in at least some cases. 
Fig. 1 shows typical data for a high-purity sample 
whose bulk properties were carefully investigated. 
The gross effect of eliminating the conduction 
paths in a sandblasted surface is clearly evident. 
In Fig. 2 a similar effect can be seen in germanium 
with etched surfaces, but plastically deformed so as 
to produce an array of dislocations parallel to the 
Hall field. If techniques are developed so that 
high magnetic fields can be applied to clean surfaces, 
transverse magnetoresistance measurements should 
be useful in studying surface transport. 
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DiFFRACTION patterns of low energy electrons pro- 
duced by a crystal surface have been accelerated 
sufficiently to show on a fluorescent screen where 
they can be photographed.) Various gases at low 
controlled pressures have been admitted to a clean 
surface, and the arrangements of atoms or mole- 
cules upon the surface deduced from their diffrac- 
tion patterns.@) In the first application of the 
method a (111) face of a nickel crystal was used. 
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STRUCTURES OF MONOLAYERS OF ADSORBED GASES 


L. H. GERMER and C. D. HARTMAN 
Bell Telephone Laboratories, Murray Hill, New Jersey 


the order of 1000 volts to a fluorescent screen. The 
pattern is observed on the screen, or photographed 
by its reflection in a mirror inclined by 45° to the 
primary beam direction. 

The tube of Fig. 1 is attached to vacuum pumps, 
and a pressure of 2 x 10-19 mm Hg of residual gas 
can be attained. Pure gases at low pressures can be 
admitted through a bank of six Granville—Phillips 
type vacuum valves. The gases studied up to this 
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It is proposed to apply it to gases adsorbed upon 
semiconductor surfaces, and for this reason presen- 
tation at this Conference seems in order. However, 
the work reported here is concerned only with 
gases adsorbed upon a (111) face of a nickel crystal. 

The experimental tube is shown schematically 
in the sketch of Fig. 1. Electrons emerging from 
the gun strike the crystal at normal incidence. ‘The 
diffracted electrons move in a field free space until 
they reach a fine-mesh grid. Between this grid and 
a second grid is a decelerating field to remove most 
of the slow electrons. Beyond the second grid the 
diffracted electrons are accelerated by a voltage of 


Fic. 1. Schematic drawing of the electron diffraction tube. 
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time have been nitrogen, carbon monoxide, 
oxygen and hydrogen. 

Molecules of CO, which behave most simply 
of the four gases, are adsorbed on a (111) nickel 
face as a monolayer with the spacing between 
adjacent molecules double that between neigh- 
boring nickel atoms in the surface. The arrange- 
ment is that marked (4) in Fig. 2, this number 
representing the ratio of the number of surface 
nickel atoms to the number of CO molecules. The 
sticking probability is high, unity according to the 
crude method by which we have measured it. The 
sharpness of the diffraction patterns is that 
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expected from a single two-dimensional crystal. 
The CO is completely removed by heating the 
crystal to 175°C. 

The behavior of nitrogen is much more complex. 
At low pressures it is adsorbed, with a quite low 
sticking probability and apparently as atoms, in a 


e 
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Fic. 2. Sketches of the three different arrangements 
which atoms and molecules have been found to take up 
upon a (111) face of a nickel crystal. Black dots are 
surface nickel atoms, and open circles adsorbed atoms or 
molecules. The numbers (3) and (4) represent the ratio 
of the numbers of surface nickel atoms to the numbers 
of adsorbed atoms or molecules. Location of atoms 
within the unit cel] of the Q-structure is variable. 


monolayer having this same two dimensional 
crystalline structure. Diffuseness of the diffraction 
spots indicates, however, that the layer is poly- 
crystalline. Crystal growth can be induced by heat- 
ing to 125°C. Heating about 200°C results in trans- 
formation into one or the other of two more stable 
polymorphic forms, the unit cells of which are 
marked 3 and Q in Fig. 2. The 3-structure is 
completely identified in the figure, but the loca- 
tions of the nitrogen atoms within the cell of the 
Q-structure are different in different cells and the 
distribution of positions is different in different 
experiments. Heating above 300°C results in 
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melting the nitrogen monolayer without removing 
it, the crystalline structure returning upon cooling. 
The nitrogen is completely removed at tem- 
peratures somewhat above 400°C. 

Oxygen can be adsorbed in a layer several atoms 
or molecules thick. This shows no structure until 
annealed at 125°C after which very diffuse diffrac- 
tion spots appear representing arrangement in the 
Q-structure. The diffraction spots can be con- 
siderably sharpened by further anneal. What is 
apparently a single monolayer of oxygen gives the 
same diffraction pattern, after it, too, has been 
annealed. (This pattern is not that of normal NiO.) 

No diffraction patterns have been obtained from 
hydrogen nor does hydrogen produce any weaken- 
ing of the normal Laue beams from the underlying 
nickel crystal. The presence of hydrogen on the 
crystal surface does, however, alter the nickel 
diffraction beams in a peculiar way; the voltage 
discrimination of the normal Laue beams is much 
improved by the presence of hydrogen on the 
crystal surface, as if the resolving power of the 
crystal were improved by surface hydrogen. This 
effect is shown by oxygen also. 

Among proposed continuations of the present 
experiments, we expect to study gases adsorbed 
upon a smooth single crystal silicon surface, and 
to investigate catalytic reactions between different 
gases upon surfaces of nickel and silicon. 
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carried out which were heretofore impossible. 
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phase and electrochemistry. 


1. INTRODUCTION 


THIs review of some recent aspects of the 
chemistry of germanium and silicon surfaces is 
organized under three main headings: clean sur- 
faces, adsorption from the gaseous phase, and 
electrochemistry. Germanium is dealt with more 
fully than silicon, a state of affairs which repre- 
sents our relative state of knowledge of these 


substances. 


2. CLEAN SURFACES 


An understanding of the chemical properties of 
clean semiconductor surfaces requires, among 
other things, a knowledge of both the electronic 
properties of the surface, and the dominant geo- 
metrical features of the surface, such as the main 
crystallographic arrangement of the surface atoms 
and what kind of important non-ideal features are 
present, e.g. micro-cleavage steps. 

During the last few years it has been clearly 
established“-%) that a clean germanium surface, 
prepared by the argon-ion bombardment/anneal- 
ing cycle, has a highly electrically conducting 
p-type skin. It has been assumed, reasonably, that 
the p-type skin arises because of the presence of a 
high excess of bound surface electrons. The excess 
of surface electrons is brought into being by surface 
states.(4) It has not, however, yet been established 
beyond any reasonable doubt that these surface 
states are a property of a hypothetically dislocation- 
free surface. The alternative is that surface states 
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Abstract—Some recent aspects of the chemistry of germanium and silicon surfaces are reviewed 
and discussed. The paper is divided into three parts: clean surfaces, adsorption from the gaseous 


Printed in Great Britain. 


CHEMISTRY 


on germanium might be intimately associated with 
step edges, kink sites and vacant sites on the crystal 
surface. With this in mind, it will be interesting to 
measure the surface conductivity of germanium 
surfaces prepared in a different way from the 
argon-ion bombardment method; hopefully the 
extent of surface imperfection would be different. 
An alternative cleaning method is available. It 
has been shown that, if germanium is etched so as 
not to give a thick oxide layer and the germanium 
is then heated in a high vacuum to ~700°C, a clean 
germanium surface results. There are several 
etching methods that can be used; one method is 
simply to etch with CP-4 and then to continuously 
dilute the etch with water, on no account allowing 
the germanium to be exposed to air until the etch 
has been thoroughly washed away. 

Studies of the crystallography of clean ger- 
manium‘: 7) and silicon‘’) surfaces have shown 
that the surface atoms in crystal planes of low 
index are not in their ideal positions. The deviation 
from ideality takes the form of an ordered pairing 
of adjacent surface atoms in such a way as to give 
rise to a surface grating with double spacing, as 
well as the expected single spacings. In addition 
to the slight atomic displacements just mentioned, 
it would be of great interest to know more about 
the nature and extent of gross imperfections on 
germanium and silicon surfaces. For example, 
Wo and Broper®) have shown by electron- 
micrography that a fractured silicon surface is far 
from atomically flat. 
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3. ADSORPTION FROM THE GASEOUS PHASE 

A theory of adsorption on semiconductor sur- 
faces is only slowly coming into being, and the 
form that it seems to be taking is best indicated by 
the work of Koutrecky®® and GrimLey@), A 
recent tendency to an ad hoc application of 
MULLIKEN’s theory“) of ‘“‘molecular compounds’”’ 
to adsorption on semiconductor  surfaces(®) 
seems destined to fail as a general theory under a 
more searching examination. The “boundary layer 
theory of adsorption’’“?-14) is not applicable to 
covalent type semiconductors. 

Information on the adsorptive properties of 
clean germanium and silicon surfaces continues 
to appear. The now almost “classical” germanium-— 
oxygen system will be discussed in some detail and 
briefer mention given to the other less well-studied 
systems. 

The general features of the adsorption of Oz on 
clean germanium surfaces in the temperature 
range —78°C to ~80°C are as follows:(7, 18) 
There is an initially very rapid adsorption of Og 
(sticking factor ~0-002) up to approximately 
two-thirds monolayer coverage, and a subsequent 
slower adsorption associated with the formation of 
a hyperthin oxide layer. The kinetics of the slower 
adsorption follows the logarithmic rate expression 


N=a+b logiot, 


where N is the amount taken up at time ¢, and a 
and 6 are temperature dependent constants; @ is 
also pressure dependent. For about the same 
temperature and pressure, various workers‘!?: 20) 
have reported values of the ratio a/b ranging from 
5 to 25. DeLL®@®) was the first to point out that a 
and 6 could be structure sensitive. Preliminary 
studies by GREEN and LIBERMAN!) using the drop 
hammer method support the idea that a and 6 are 
structure sensitive constants and would suggest that 
the ratio a/b depends on the initial mechanical con- 
dition of the crystal as well as the extent to which 
a crystal is crushed. A spurious, but experimentally 
serious, source of variation in a and } is partial 
diffusion control of the adsorption process, i.e. 
some portion of the powder is for one reason or 
another only accessible through very fine pores. 
Partial diffusion control of oxygen take-up on ger- 
manium crushed by the drop hammer method has 
been observed in some cases.) It is apparent that, 
when adsorption kinetics are measured on systems 


where the adsorbent is a finely divided powder, 
great care should be exercised to eliminate, where 
possible, rates due to slow gas diffusion. The 
easiest way to find out if gaseous diffusion is im- 
portant in germanium or silicon systems is to 
agitate the powder and observe the effects, if any, 
on the overall adsorption kinetics. 

The nature of adsorbed oxygen below mono- 
layer coverage, and before the onset of oxide for- 
mation, is not clear. The heat of adsorption(?: 2) 
is such as to suggest adsorption in the form of 
atoms, 18. 22) and if this is so, oxygen on certain 
germanium surfaces must still be a free radical, i.e. 
(—Ge-O). Peroxide formation has been sugges- 
ted, 2) i.e. GE-O—O-—Ge ; however, this seems unlike- 
ly when the heat of adsorption and steric effects are 
considered together. The experiments of HANDLER 
et al.-3) and others,“) show that initially the 
adsorption of oxygen causes the surface to go more 
p-type. The maximum in the p-type surface con- 
ductivity would appear to occur at about one-half 
to one monolayer of oxygen atoms.) This is con- 
sistent with the idea that, for this range of coverage, 
oxygen adsorbs as covalently bound free radicals. 
HANDLER and PortNoy(4) have reported that, 
when the oxygen in their adsorption chamber has 
been pumped off, there is a partial reversal in the 
curve of the surface conductance as a function of 
oxygen exposure. A possible explanation of this 
observation can be based on the mechanism of 
oxide growth. Germanium, covered with oxygen 
atoms, is converted (in the presence of oxygen gas) 
to germanium covered with a hyperthin oxide by 
some sort of surface rearrangement,“!®) e.g. 


O 
Ge 
O Ge 
| step (1) | + oxygen 
----Ge-- 
step (2) 
Ge —~--Ge--- -—--Ge--- 
(A) (B) (C) 


Step (1) can occur in the absence of oxygen (this 
has been observed for the Si/Oz system’*)). In the 
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presence of oxygen there will be a certain propor- 
tion of surface species (A), (B) and (C) depending 
upon the extent of oxidation. The surface con- 
ductance will depend upon the concentration of 
these surface species. If, however, oxygen is 
pumped off, step (1) will still go on and, for a given 
oxygen take-up the concentration of surface species 
(B) will increase. This may account for a partial 
reversal of surface conductance versus oxygen 
exposure curve without having to invoke the 
necessity of oxygen desorption. 

Recent studies of the adsorption of oxygen on 
silicon are not in accord. Thus Law), working 
on clean evaporated films of silicon, reported 
kinetics similar to the Ge/Ozg kinetics. On the other 
hand, GREEN and Maxwe.v_®) found, for crushed 
powders, that there was an initial fast adsorption 
followed by a slower adsorption which was not 
logarithmic, but which came to a complete halt 
at a take-up of about 1-5 oxygen atoms/surface 
silicon atom. Clearly, further experimental work 
is required for the Si/Ozg system. 

Studies of the interaction of hydrogen with clean 
germanium surfaces show that: molecular hydro- 
gen does not absorb”); atomic hydrogen (made 
by high-temperature thermal decomposition) ad- 
sorbs to the extent of about a monolayer‘: ®; on 
evaporated films of germanium para-hydrogen is 
readily converted to ortho-hydrogen®®) and the 
exchange occurs.(?8) Surface conductivity 
experiments suggest that adsorbed hydrogen be- 
haves in an unusual way. Thus, the adsorption of 
atomic hydrogen causes an increase in the p-type 
surface conductivity. 24) But the elimination of 
unpaired surface electrons by the formation of 
simple covalent bonds, viz. >Ge-H or 


is, somewhat crudely, associated with the elimina- 
tion of surface states, and the loss of enhanced sur- 
face conductivity. When germanium, covered with 
a monolayer of hydrogen, is exposed to oxygen, 
the oxygen is adsorbed but hydrogen is not dis- 
placed nor is water formed. This suggests that 
adsorbed hydrogen atoms may be “‘buried”’ in the 
germanium surface and not held to the surface by 
a simple covalent bond. Atomic hydrogen adsorbs 
to the extent of a monolayer on clean silicon sur- 
faces,®°) while molecular hydrogen adsorbs to a 
negligible extent. E1stNGER®!) has measured the 
effect of adsorbed atomic hydrogen on the photo- 
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emission from silicon surfaces. An increase in 
photothreshold of 0-4 eV was observed for mono- 
layer coverage. 

The adsorption of a number of readily conden- 
sable gases on clean germanium (crushed crystal) 
surfaces has recently been studied.27) At room 
temperature and for a relative pressure of 
10-3, the gases found to adsorb were 
CH30H, (CH3)2CO, CHsCOOH, (CH3)3CNHag, 
C5H5N, and p-dioxan, while CogH4, CCly, CHCls, 
(C2H5)O2, CgHg and CgHsCl were found not to 
adsorb. For those gases that were adsorbed, the 
adsorption was extremely rapid and the extent of 
take-up was equivalent to about monolayer cover- 
age. The conclusion drawn from this study was 
that the adsorption or non-adsorption of all the 
gases mentioned above, excepting p-dioxane and 
pyridine, could be explained in terms of the 
electrostatic interaction between the permanent 
charge distributions of the gas and the germanium 
surface. The nature of the binding, for these 
systems where adsorption occurred, was described 
as a form of “hydrogen bond”’. 

A study of the adsorption of the inert gases on 
germanium and silicon is of interest because of the 
information it can give about the nature of the 
adsorbent. Two systems have been examined in 
detail. These are: Ge—Kr studied by RosENBERG‘?) 
and Ge-A studied by Sparnaay®). Rosenberg 
concluded from his work that “the energy of 
krypton adsorption cannot be accounted for in 
terms of the atomic properties of bulk germanium’’. 
A reappraisal of ROSENBERG’s data by GREEN and 
SErwatz‘4) does not substantiate this conclusion, 
indeed these authors conclude that the measured 
heat of adsorption of krypton on germanium is 
consistent with the properties of crystalline ger- 
manium and krypton atoms. It is interesting to 
note, in connection with this latter finding, that 
PreroTt1 and Hatsey®5) have examined the 
adsorption of krypton on a number of metals and 
conclude that the adsorption forces are readily 
explained in terms of the atomic properties of the 
metal. 


4. ELECTROCHEMISTRY 
Studies of the electrochemistry of the ger- 
manium-electrolyte electrode (silicon has not been 
studied enough to warrant comment) can be 
roughly divided into two groups, depending upon 
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whether the electrode was contaminated or not. 
The problem of surface contamination in electro- 
chemical cells is every bit as severe as the “clean 
surface” problem in gas adsorption. 

BRaTTAIN and GarretT®?) published the first 
comprehensive study of the contaminated ger- 
manium electrode. The virtue of this work was 
that it clearly demonstrated that electrolysis could, 
under suitable conditions, be governed by the rate 
of diffusion of minority carriers to the germanium— 
electrolyte interface. Since the surfaces were con- 
taminated, nothing could be deduced about the 
mechanism of discharge. Several further studies 
of the germanium-electrolyte electrode have 
appeared(8-40) which confirm and_ extend 
BRATTAIN and GARRETT’s observations. 

The hydrogen evolution reaction at germanium 
surfaces in clean electrochemical systems has been 
studied by a number of workers. @!~45) It has been 
concluded: 45) that the proton discharge mechan- 
ism, when semiconductor minority carrier diffusion 
control is not rate determining, is 


fast 
H30* + e-——-—> H(adsorbed) + H2O 


slow 
H30* + H(adsorbed) +e-——-> H2(gas) + H20. 


It was observed that the kinetics of the hydrogen 
evolution reaction were independent (below the 
range of semiconductor-free carrier diffusion con- 
trol) of the concentration and type of free carriers 
in the bulk semiconductor. However, the dis- 
charge kinetics were dependent upon the particular 
crystal face of germanium which was exposed to 
the electrolyte, cf. Table 1. The latter observations 
are to be expected from the theory of the semi- 
conductor-electrolyte electrode. (46. 47) 


Table 1. Hydrogen overpotential data at germanium 
electrodes (28°C and 1M hydrochloric acid) 


Bulk 
Crystal electron 
surface concentra- Exchange current —b(mV)* 
exposed tion(cm~°) (A. cm~?) 
unknown 4x10!4 1-4x10-8 113 
unknown | 3 x 10!2 4-7 x 10-6 102 
(100) ~ 1015 (2:2+0-3) x 10-8 115+12 
(100) ~ 10}? (2:°3+0-8) x 10-8 109+ 5 
(110) ~ 1012 (1-°0+0-2)x10-® | 116+ 2 
(111) ~10!2 | (1-°940-4)x10-§ | 148+ 9 


* b = 2-303 (dn/dini) per decade of current, where 7 
is the overpotential and i is the current density. 
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The behavior of the germanium-electrolyte 
electrode, with no net current passing, has been 
the subject of several investigations. (22: 48- 49) The 
dissolution of germanium has been observed, and 
was attributed to a “mixed-potential’’ type of 
reaction, 


(I) (dissolved) + 4H+ + 4e- 
(II) 4H*++4e-—2Ho(gas) 


(III) Ge+2H20—GeOsz (dissolved) + (gas) 


Harvey®®) has shown that the overall dissolution 
reaction (III) goes extremely slowly, and that the 
germanium-electrolyte electrode behaves as a re- 
versible hydrogen electrode. Deviations from 
hydrogen electrode like behavior can be attributed 
to trace quantities of oxidizing agent. 
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CHEMICAL CONFIGURATION OF GERMANIUM 
SURFACES IN AQUEOUS MEDIA 


W. W. HARVEY 


Lincoln Laboratory,* Massachusetts Institute of Technology, Lexington 73, Massachusetts 


Abstract—An essentially electrochemical technique has been employed for measuring changes in 
surface recombination velocity vs for an n-type germanium electrode. Displacement of dissolved 
oxygen from the solution leads to an increase in vs. During cathodic polarization vs is large, but is 
small subsequently. The results indicate that vs varies in a regular way with the surface potential 
¢s of the germanium, but that chemisorption of hydrogen results in a decrease in the density of 


surface recombination centers. 


INTRODUCTION Gatos": 2) and for sufficiently dilute etchants by 

THE concepts of traps and recombination centers EL.is), can be explained on the basis of different 
at semiconductor surfaces remain abstractions. densities of the two kinds of surface atom. It also 
The work reported herein is preliminary to the follows from this work, as pointed out by Beck 
association of surface energy levels with particular and GeriscHer™), that the configuration > Ge is 
arrangements of surface atoms having specific the more reactive. 
electronic distributions. The system germanium— In the absence of an appreciable oxidic layer, it 
aqueous solution was chosen for study because, should be possible to observe the effects of direct 
inter alia, it can be made to approach closely the interactions of germanium surface atoms with 
ideal of an uncontaminated (in the electrochemical aqueous ambients on the electrophysical properties 
sense) semiconductor surface in a controlled of the germanium. Some results of a preliminary 
chemical environment. study have been reported.) In this work, dissolved 

As a working hypothesis, it is considered that oxygen resulted in an increase in surface con- 
germanium atoms at a free surface can exist inductance and in photoconductance and lifetime 
either of two stable configurations, viz. the con- for germanium filaments in distilled water; the 
figuration involving two bonds to the crystal sign and magnitude of the germanium electrode 
( >Ge), or that characterized by three Ge-Ge photopotential were also shown to depend in an 
bonds (Ge). (Only a transient existence is important way upon the composition of the solu- 
ascribed to a singly bonded surface atom, since tion including, in this case, the concentration of 
formation of a second bond to the crystal would electrolyte. 
necessitate at most a small displacement of the The effects described in the preceding paragraph 
atom from its initial position.) This will be the case, are interrelated. Thus, as is well known, ® 7 the 
independently of the macroscopic crystallographic surface recombination velocity vs is a function not 
orientation of the surface, provided the existence only of the nature (distribution in energy, capture 
of surface irregularities of atomic dimensions is probabilities for holes and electrons) and density 
admitted. The inherent differences in chemical of surface recombination centers, but also of the 
reactivity for the principal orientations of ger- equilibrium free-carrier densities in the interior 
manium surfaces, {100}>{110}> {111}, as found as wellas of the surface potential, ds = %s— yo, i.e. 
for oxygenated aqueous solutions by Harvey and _ the drop in electrostatic potential across the region 
of space charge. 

Ideally, one would like to measure vs for 


= Operated with ‘support from the U.S. Army, Navy 
and Air Force. 
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germanium electrodes over a wide range of ¢s.* Un- 
fortunately, while it is easy to vary the surface 
potential of a semiconductor electrode, the actual 
measurement of ¢ (or of changes in ¢;) is compli- 
cated by the fact that it becomes essential to know, 
for each value of electrode potential, the fraction 
of the total germanium-electrolyte potential drop 
which falls across the space charge region in the 
germanium. The only direct experimental results 
bearing on this question were obtained by Bou- 
NENKAMP and ENGELL‘’) from measurements of 
the impedance of the germanium-electrolyte phase 
boundary. These authors show that a large portion 
of the voltage applied to a germanium electrode is 
located within the space charge, but their measure- 
ments are not quantitative in this respect. There 
is evidence, moreover, that the densities of surface 
recombination centers may be altered by electro- 
lytic polarization (see below). 


RESULTS AND DISCUSSIONS 

In the present paper, some results of a novel 
approach to the measurement of the variation of 
vs with solution composition are described. The 
method is an adaptation of that employed by 
PLeskov) for investigating injection and extrac- 
tion of minority carriers as the result of electro- 
chemical reactions. In electrochemical terms, the 
system employed for monitoring changes in vs with 
solution composition may be represented as in Fig. 
1: a germanium wafer separating two solutions, 


Fic. 1. Diagram showing a germanium disk as the com- 
mon electrode of two electrochemical cells: R’ and R” 
are reference electrodes; C’ and C” counter electrodes. 


having appropriate reference and counter elec- 
trodes, can participate in electrochemical reactions 
occurring simultaneously at opposite faces. If the 
wafer is n-type and thin compared to a minority- 
carrier diffusion length, and if one side is polarized 


*Quite recently, H. U. Haren has carried out such 
measurements for a silicon electrode (reported at this 
Conference). 
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anodically, then the limiting anodic current is a 
sensitive indication of hole generation or recombin- 
ation at the opposite surface. With the disks 
mounted and masked as shown in Fig. 2, very 
sharp current saturation was obtained, so that 


la 


R' 


Fic. 2. Apparatus for measuring changes in Il; at a ger- 
manium surface in aqueous solutions. The electrical 
lead to the ohmic ring contact is not shown. Tubing R’ 
leads to solution reservoirs and to a reference electrode 
for measuring changes in electrode potential at the back 
surface; changes in electrode potential at the front 
surface are measured against a second reference elec- 
trode, whose Luggin capillary is designated as R’’; parts 
labeled M are a ring and disk of glass, used in conjunc- 
tion with Apiezon W wax for masking purposes. 


measurement at a single anodic potential (e.g. 
+1-0 V vs. s.c.e.) was sufficient to establish the 
magnitude of the limiting current with good pre- 
cision. 

In the region of limiting current, holes are con- 
sumed by the anodic reaction as rapidly as they 
can diffuse to the surface from the bulk and can be 
supplied by generation processes at the surface. 
The expression®® given by equation (1) for the 
hole saturation current density jp at an n-type 
anode applies to an idealized situation in which 
other surfaces are many diffusion lengths away. 


Jv = Yol(Dp/Lp) + 2s] (1) 
In equation (1), po, Dp and Ly are the equilibrium 
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bulk density, the diffusion constant and the 
diffusion length, respectively, for holes, and q is 
the charge of a hole. With the thin disk geometry, 
however, a term must be added to take into account 
generation at the back surface. Experimentally, a 
decrease in the magnitude of v,’ at the unillumin- 
ated back surface (left side in Fig. 2) is revealed by 
a decrease in the anodic saturation current crossing 
the front surface. On the other hand, the anodic 
limiting current under strong illumination of the 
back surface is increased as a result of a decrease 
in vs’. Because of compensatory effects, the in- 
crease in limiting current under weak illumination is 
related to vs’ and light intensity at the back surface 
in a rather complicated way. These features are 
illustrated by typical data presented in Fig. 3. 
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Fic. 3. Effect of illumination and of changing solution 

composition at the back surface of a thin n-germanium 

disk (4-6 Q-cm, {100}, 7»~1300 usec) on the limiting 

current measured during anodic polarization of the 
front surface (see Fig. 3). 


From the foregoing discussion and by reference 
to Fig. 3, it is evident that the anodic limiting 
current crossing the front surface is altered in the 
expected way by interaction of oxygen with the 
back surface. The effect of dilution of the electro- 
lyte is not nearly so pronounced (found also to be 
the case in No-saturated solutions). More infor- 
mation is needed before the latter results can be 
correlated with the observed effect of electrolyte 
concentration on the magnitude of the germanium 
electrode photopotential.“) Perhaps the most 
significant conclusion to be drawn from these 


HARVEY 


measurements is that the reaction of germanium 
with water and dissolved Og is not strongly hole 
injecting, i.e. the reduction of oxygen does not 
furnish holes in considerable excess of those re- 
quired for germanium disolution. 

If numerical values of recombination velocity 
are to be obtained by this method, it is necessary 
to vary the light intensity in a known way. In order 
to formulate the problem in simplest terms, it will 
be assumed that the concentration gradient for 
holes is constant in the interior, the hole density 
at the edge of the space charge region at the 
illuminated back surface having the non-equilib- 
rium value p; the magnitude of p will depend upon 
the light intensity J and the recombination velocity 
vs’ at the back surface. With these assumptions, 
the limiting anodic current density 7 will be equal 
to 


J = %p = xgDy(p/t) + xgpors (2) 


where « is the current multiplication factor and 
t is the thickness of the wafer (t< Ly»). Applying 
the continuity condition 


I — vs'(p—po) = Dp(p/t) (3) 


p may be eliminated, giving the result 


xq Us’ 
1 +(t Dp)vs 1 +(t/Dp)vs 


Equation (4) predicts a linear variation of the 
anodic limiting current with light intensity (pro- 
vided concentration polarization on the electrolyte 
side of the interface has a negligible effect on the 
measured current). Further, as vs’ is increased, 
the slope ¢j/éJ should decrease and the intercept 
jr = 9 should increase. Qualitatively, this is the 
behavior observed, as illustrated in Fig. 4. The 
area A of the germanium-electrolyte contact on 
the anodic side was 0-026 cm? in these measure- 
ments. Part of the initial variation of ¢j/¢J with I 
may be the result of a decrease in the multiplication 
factor, i.e. = 

Fig. 4 typifies results of a study of the effects of 
cathodic charging on surface recombination 
velocity. In this study, the anodic limiting current 
crossing the front surface was measured as a 
function of light intensity during illumination and 
cathodic polarization of the back surface. In agree- 
ment with the frequently quoted observation by 


j | (4) 


| 
. 


Exits"), it was found that the passage of cathodic 
current can result in a substantial increase in v,’ 
(compare curve (1) with curves (2) and (4)). It is 
significant, however, that in no case did the value 
of vs’ during cathodic charging exceed that obtain- 
able by reducing the concentration of dissolved 
oxygen to a very low level (cf. curve labeled ““N»”’, 
which was obtained on a previous day). Part, at 
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Following cathodic charging (curves (3) and (5)), 


Us was very low; in fact, data obtained on a pre- 
vious day in Og-saturated solution coincide almost 
exactly with curve (5). This behavior is not com- 
patible with the view that discharged hydrogen 
enters the germanium lattice) and there gives rise 
to a large apparent surface recombination velocity. 
It should also be mentioned that wv,’ is restored to 


CATHODIC C.D. 


(back surface) 
1 ma/cem2 
@ - 10 ma/cm2 


1 L 


4 


6 8 1.0 


RELATIVE LIGHT INTENSITY 


Fic. 4. Effect of cathodic charging in He-satd. 0-1N H2SOa 
on vs, as indicated by the anodic limiting current at the 
opposite surface of a thin m-germanium disk; intensity of 
illumination was varied by means of a calibrated set of 
neutral density filters. Encircled numbers indicate sequence 
of measurement; 35 min. elapsed between curves (5) and 
(6). Inset shows relation between intercept and initial 


least, of the effect of cathodic charging in solutions 
not deoxygenated can be attributed to removal of 
oxygen by electrolytic reduction. Other features 
to be considered are the following: (a) no change 
in vs’ was observed when the solution, initially 
nearly Oo-free by virtue of prolonged bubbling of 
purified Ne, was saturated with purified He, and 
(b) there is evidence that at higher cathodic 
current densities (e.g. 50 mA/cm?), vs’ begins to 
decrease. This latter observation can be inter- 
preted to indicate that ¢; had been shifted to a 
large negative value, thereby traversing the 
maximum in the v,’ vs. ds curve. However, copious 
hydrogen evolution at the higher cathodic currents 
may be a disturbing factor in these measurements. 


slope. 


its prepolarization value in times of the order of 
hours. The mechanism of restoration probably 
consists in removal of chemisorbed hydrogen by 
reaction with residual oxygen in the solution.* 
Since the potential returns to its equilibrium value 
in times of the order of a minute following cathodic 
charging, the slow increase in vs’ takes place at 
essentially constant potential difference between 
germanium and electrolyte. 

It seems probable that the removal of chemi- 
sorbed hydrogen results in an increased density of 


* At very low concentrations of dissolved oxygen, 
germanium dissolution rates are of the order of one 
monolayer per hour or less.‘ 
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surface recombination centers, which suggests that 
the centers are associated with the so-called “‘dang- 
ling bonds.”’ 
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ELECTROKINETIC BEHAVIOR OF GERMANIUM- 
LIQUID INTERFACES 


W. ERIKSEN* and R. CAINES 


Raytheon Research Division, Waltham, Massachusetts 


Abstract—When germanium comes into contact with a liquid or condensable vapor through an 
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interface, the possibility exists of a doubly diffuse mobile space charge at the interface. That part 
of the diffuse double layer on the germanium side has been investigated in inversion layer studies. 
The part of the diffuse double layer on the liquid side has not been investigated. This paper dis- 
cusses the properties of that part of the interfacial double layer on the liquid side of the interface. 

The methods used to study the charge distribution in the liquid are the classical electrokinetic 
phenomena with particular emphasis on streaming potential measurements. Liquids are forced 
through a porous plug of germanium under hydrostatic pressure and the potential created across 


the germanium is measured. 


The results of these experiments are discussed with the aim to provide further clarification of the 


INTRODUCTION 

WHEN two substances of different chemical con- 
stitutions are placed in contact through an inter- 
face, a potential difference is established across 
the interface. This potential difference can, in 
general, be divided into two contributions, a 
surface potential jump X, due to surface polariza- 
tion and orientation of dipoles, and a contribution 
D due to displacement of free charges and ions.) 
The total potential difference between the two 
phases is then 


A¢d = x+D 


The potential difference between the phases is not 
measurable and can be approached only by model 
considerations. (2) However, it is just this potential 
difference that is important for surface studies on 
semiconductor liquid or gas systems. In particular, 
the contribution, D, is the seat of excess con- 
ductances which are important in device tech- 
nology.8-5) The part D is accessible to experi- 
mentation and forms the subject of this paper. 
In the particular case of a semiconductor—liquid 
system the contribution D has two components, 
one in the semiconductor side of the interface and 


* Presently at Semiconductor Division. 


phenomena of liquid induced excess currents on germanium. 
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one in the liquid.) That part of D which appears 
in the semiconductor exhibits itself in many cases 
as an inversion layer and has been studied exten- 
sively. That part of D which appears in the liquid 
has as yet only been inferred: 7) and has received 
very little attention. 

There exists, however, a very well known tech- 
nique of studying D in the liquid part of an inter- 
facial double layer by electrokinetic phenomena 
i.e. electro-osmosis or streaming potentials. 

These techniques have been applied to the 
system germanium and several commonly occur- 
ing liquid compounds, with a view to understand- 
ing more fully the interactions and charge transfers 
which occur and lead to surface conductances. 


CLASSICAL THEORY OF ELECTROKINETIC 
PHENOMENA 
It was found very early in the history of physical 
chemistry that when a liquid in contact with a 
solid was sheared by flowing the liquid over the 
solid an electrical potential was established in the 
liquid. These effects are called electrokinetic phen- 
omena and have been found to be due to the 
existence of a mobile charge layer on the liquid 
side of the liquid solid interface. 
There are several ways of deriving quantitative 
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expressions for electrokinetic effects. Probably the 
most illuminating is by use of irreversible thermo- 
dynamics. 8) ONSAGER’s formulation of irreversible 
thermodynamics states that in a system having 
several fluxes, Ji, and driving forces, Xj, that 


Ji = > (1) 
k 


where the Liz are phenomenological coefficients. 

A second principle is that the product of the rate 
of entropy production of the system and the tem- 
perature is equal to the sum of the products of 
conjugate forces and fluxes 


dS 
T— =D JX (2) 
dt i 


In electrokinetic phenomena we consider a flow 
of matter and a flow of electric charge. 

Consider a tube of length / and cross-section A. 
Let the electric current density be J and the rate 
of flow of liquid in volume per unit time be F. The 
electric potential is E and the pressure difference 
between the ends of the tube P. Then the rate of 
entropy production per unit volume can be shown 
to be): 


dS E FAP 3) 
dt Al 


from which we see that £//] and P// can be con- 
sidered driving forces for the fluxes J and F/A. 
We can then write 


E AP 
J= (4) 
F E AP 5) 


and apply the Onsager reciprocal relationship 
Lyi = Ly. The physical significance of the L’s can 
be obtained as follows: When there is no pressure 
gradient equation (4) reduces to 


E 
J=In (6) 


from which it is immediately evident that Ly 
equals the electrical conductivity of the liquid. In 
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the absence of an electric field equation (5) reduces 
to 


F AP 
(7) 
from which according to Poiseuille’s law 
y2 
= (8) 


where r is the radius of the tube and 7 is the vis- 
cosity of the liquid. 

The other constant Lj, (or L291) necessary for a 
description of electrokinetic phenomena is con- 
nected with the strength of the charged layer at 
the interface. 

Before considering the physical significance of 
Lj an expression for streaming potential will be 
derived from Principles of Irreversible Thermo- 
dynamics, Streaming potential is chosen for dis- 
cussion because of the experimental ease with 
which it can be measured. It is defined as the 
electric potential difference per unit pressure 
difference at stationary state with zero electric 
current. 


E L 


12 
(9) 
or Plis 
E=— (10) 


where A is the electrical conductivity of the solution. 

The reasoning from Irreversible Thermo- 
dynamics has some strengths. These lie in the 
complete independence on a detailed model. 
Experimental data can be correlated in terms of 
the equations derived. However, herein also lie 
some weaknesses. No feeling is obtained for the 
physical significance of Lj2( = Lo1) and in order to 
obtain some physical significance a model approach 
must be invoked. 

We use a model which has been proposed pre- 
viously to explain excess surface conduction on 
semiconductor surfaces, in which the system semi- 
conductor-liquid is considered as a two phase 
system with one common component, electrons, 
and the interface is a membrane permeable to 
electrons. The condition for thermal equilibrium 
is that the electrochemical potential (Fermi level) 


< 
Vv i 
12 
1 
| 
| 
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for electrons is constant throughout both phases. 
The attainment of this equilibrium will require 
charge transfers with a resulting space charge at 
the interface. That part of the space charge in the 
liquid is the subject of this discussion. When the 
liquid is sheared longitudinally to the surface the 
velocity increases from zero at the surface to p in 
the interior of the liquid. Consider a thin layer of 
liquid near to and parallel to the surface. Let the 
strength of the charge layer in this strip be dr i.e. 
the electric moment of the strip per unit area. At 
steady state the force applied to the strip by a 
field E is just opposed by the frictional force; that 
is 


ndp = Edr (11) 


integrating from the wall to the interior we get 
with proper boundary conditions 


ne = Ex (12) 


where 7 is the electric moment per unit area of the 
whole charge layer. The flow of liquid in volume 
per unit time is 


F=pA (13) 


where A is a cross-sectional area somewhat smaller 
than the total cross-section of the tube. However, 
the extent of the charge layer in the liquid is so 
small as to be negligible for any capillary tube of 
reasonable size so A can be considered the total 
cross-section of the tube. Substituting equation 
(13) into equation (12) we get 


“ 

while from equation (5) we have that 
= [LyE (15) 
A 


therefore Lo, = Lg = 7/n and is proportional to 
the electrical moment of the double layer. 
We can substitute for Lg; into equation (10) to 
obtain 
Pr 


E= (16) 


In many formulations of electrokinetic effects + 
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is divided by the rational permittivity and the 
resulting potential is considered instead of the 
electric moment 


This potential is called the zeta potential and will 
be discussed in this paper. In these terms equation 
(16) becomes 
PSe 
E = (17) 


where E = electrical potential, P = pressure, 
n =viscosity of liquid, A = conductivity of liquid. 

From the derivation it follows that the ratio E/P 
should be a constant and that the streaming 
potential should be independent of the capillary 
dimensions. Certain conditions must be satisfied 
in order to maintain the validity of this equation: 
(a) the flow must be laminar; (b) the radius of 
curvature of the capillary or the pores of the plug 
must be much larger than the thickness of the 
double layer; and (c) the conduction current 
should depend solely on the conductivity of the 
liquid. Conditions (a) and (b) are easily satisfied; 
however, it is found that for very dilute solutions, 
which are usually the type under consideration, 
there is an anomolous conductance which plays an 
important role. 

There is general agreement that the use of the 
specific conductance of the liquid ‘“‘in the bulk” is 
erroneous.(19) The conductance of the liquid at the 
walls of the tube is actually greater than that in the 
bulk of the liquid and therefore the more correct 
value for the specific conductance is that of the 
liquid in contact with the walls of the tube or the 
pores of the plug. In practice it is found that use 
of this value compensates for the surface con- 


ductance. 


EXPERIMENTAL METHODS AND PROCEDURES 

In order to compute the ¢-potential from 
equation (17) it is necessary to measure three 
variables: (1) the hydrostatic pressure P, (2) the 
potential across the diaphragm Es, and (3) the 
specific conductivity of the liquid in the diaphragm 
A. These measurements were made possible by the 
apparatus diagrammed in Fig. 1. 
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A plug of ground particles, considered to be a 
bundle of parallel capillaries, was used rather than 
a single capillary due to the difficulties involved 
in machining germanium capillaries. Another 
factor is the magnification of electrical effects by 
the greater surface area of the diaphragm. 

The liquid contained in Fj is forced under a 
known and constant pressure supported by No gas 
through the manifold to the reference cell C; and 
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The sample of germanium particles was confined 
in the area between the platinum electrodes of the 
sample cell. The size of the particles was restricted 
by the size of the platinum mesh electrodes. The 
absolute size is not known; however, a relative 
determination was made. The particles were sifted 
from a 40-mesh to a 60-mesh sieve and those re- 
tained in the 60-mesh sieve were selected for use. 
These were graded to be 0-0165—0-00098 in. or 


FLOWMETER 


the sample cell Cy. The height of the liquid 
column supported in the manometer tube deter- 
mines the pressure. The flow rate is determined 
from the volume of liquid flowing per unit time 
from the sample tube into the calibrated tube. 

The specific conductivity of the liquid in the 
bulk is an important determining factor for the 
specific conductivity in the diaphragm and the 
conductivity cell C; provides an adequate means 
of keeping a periodic check on this value. 

The potential was recorded directly across the 
sample by means of a high impedance voltmeter. 
Platinum wire soldered at the Pt gauze electrodes 
and extended through the ends of the sample cell 
were used to make contact through mercury wells 
with the voltmeter. 

The sample cell Cz was designed to serve as a 
combination streaming potential—conductivity cell 
which permitted simultaneous measurements of 
the potential and specific resistance of the liquid 
in the diaphragm. 


GAS INLET 


Fic. 1. Apparatus. 


()-42-0-25 mm in diameter as determined from the 
sieve openings. Only one packing was used for the 
various measurements. 

The procedure followed was first to exert a 
pressure on the liquid and adjust until a constant 
pressure reading was observed. The liquid flowed 
under this pressure through the sample cell until 
steady state as indicated by a constant potential 
reading, was attained. The cell potential was always 
recorded before streaming was begun. In order to 
determine the rate of flow, the stopcocks to the 
calibrated tube at the end of the manifold was 
opened to the streaming liquid, following the 
potential readings at each pressure. An immediate 
drop in pressure was observed, due to the increase 
in volume; however, when the original pressure 
was regained the number of cm?/sec flowing were 
recorded. An electric stopclock was used for timing 
at 30-sec intervals. The streaming potential was 
observed at different pressures from about 10-100 
cm of liquid pressure. 
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Following the potential measurements, the re- 
sistance of the sample cell containing the liquid 
in contact with the diaphragm was measured. The 
“cell constant’ for the conductivity and sample 
cells was determined in the conventional way. The 
resistance r of the cells containing standard solu- 
tions of known specific conductivity A were 
measured and from the equation L, = K, the cell 
constant K was calculated. This value could then 
be used to determine the specific conductivity of 
any liquid contained in the cell for which the re- 
sistance is known. For the Ge—H2O system, a 
N KCl solution, specific conductivity 0-002760 
Q-Icm-!, was used and for the other three systems 
a 0-10 N KCl solution, A = 0-011856 In 
Table 1 the data from these measurements are re- 
corded. 


Table 1. Specific conductivity (A) data 


| Specific conduc- | Specific conduc- 
tance (Liq. in tance (Liq. in 


System | diaphragm) bulk) 
(mho) (mho) 
Ge-H20 6-09 x 10-8 1-5 «10-8 
Ge-CH30H 6 x10-5 10-6 
Ge-CH3COCH; | 2-96 x 10-5 10-7 
Ge-CsHsNOz 77 x10-7 10-8 


Germanium—conductance-water system 


Conductance water having a specific con- 
ductivity of 2 x 10-8 (Q cm)-! was used in the de- 
termination of the streaming potential. Stock dis- 
tilled water was re-distilled in a 20-plate column 
and distillation was controlled at a reflux ratio of 
20:5. 

The range of pressures exerted gave rise to 
streaming potentials varying from approximately 
0-050 to 0-25 V. The results obtained, when the 
specific conductivity of the water in the sample 
cell was used, are given in Table 2. The average 
value for ¢-potential is 0-02 V. 


Germanium-methanol, —-acetone, —nitrobenzene sys- 
tems 


These systems can be treated collectively since 
the only variable in the experimental set-up was 
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Table 2. Streaming potential data and ¢ potential 
for Ge-H2O System 


Es(V) P E./P | 
of H2O)) 
0:06 | 278 0-0022 0-019 
0-105 47-2 0-0022 0-020 
0-172 67:3 0-0025 0-023 
0-20 | 86:5 0-0023 0-020 
0-225 | 107 0-0021 0-019 


the liquid itself. The same cell and packing was 
used throughout. Reagent grade stock solutions 
of these organic liquids were used. 

The entire system was thoroughly cleaned and 
rinsed with distilled water. The liquid in question 
was then allowed to flow through the re-assembled 
system until a constant reading for the resistance 
of both the conductivity and sample cells were ob- 
served. 

For these systems, potentials could not be ob- 
served below liquid pressures of approximately 
60cm, a range of from 35 to 55mm Hg. The 
pressures in these cases are therefore from about 
60 to 105 cm-liquid pressures. The methanol 
system exhibited potentials ranging from about 
15 to 30 mV, the acetone systems from approxi- 
mately 180 to 480 mV, and nitrobenzene from 12 
to 20 mV. The significance of these values will be 
treated in the discussion section. 

An average of the three streaming potential runs 
for the zeta potential determination for each 
system was taken for the final value. The streaming 
potential data for these runs are given in Tables 


3,4and 5. 


Table 3. Streaming potential data and ¢ potential 
for the Ge-CHg30OH system 


P EJP | ¢& 
(cm-CHsOH) | (V) | 
76:5 0-0080 | 0-000104 | 0-025 
86°5 0-015 |: 0-000173 0-025 
0-023 | 0-000238 0-035 
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Table 4+. Streaming potential data and € potential 
for the Ge-CH3COCHs system 


Es E;/P 
(cm—CH3COCHs) (V) (V) 
71°5 0-183 0 -0034 0-22 
76°5 0-217 0-0030 0-19 
81-5 0-262 0-0032 0-21 
86°5 0-358 0-0031 0-20 
96°5 0-479 0-0036 0-23 


Table 5. Streaming potential data and ¢-potential 
for the Ge-CgHsNOd system 


P Es E;/P 4 
(cm—C6HsNOd2) (V) (V) 
0-0122 0-877 0-00020 
71°5 0-0135 0-815 0-00019 
81-5 0-0155 0-795 0-00019 
91°5 0-0171 0-802 0-00019 
101°5 0-0194 0-830 0-00019 
DISCUSSION 


For the particular liquids investigated in this 
study a positive space charge is accumulated in the 
semiconductor surface and a negative space charge 
in the liquid. There is an additional potential jump 
at the surface, the X-potential, which is a function 
of the surface polarization and dipole layers exist- 
ing at the interface. The sum of these three poten- 
tials is related to the single electrode potential for 
the system. Unfortunately, the single electrode 
potential is not measurable, in fact is not even 
thermodynamically definable, so that it appears to 
be impossible to carry through a quantitative des- 
cription of the potential through an interface from 
one phase to another. A definition can only be 
applied to the two space charge regions of different 
polarity which go to make up the mobile parts of 
the interfacial double layer. We can define a surface 
potential in the semiconductor referred to a zero 
of potential in the bulk of the semiconductor and 
a surface potential in the liquid referred to a zero 
of potential in the bulk of the liquid. 

It will be fruitful to consider for a moment the 
parallels between the results reported here on the 
diffuse charge layer in the liquid, and studies on 
inversion layer which is the diffuse charge layer in 
the semiconductor. Together these make up the 
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double interfacial charge layer, D. One of the 
experimental results obtained from inversion layer 
studies is the surface potential, ds. In the case dis- 
cussed here we obtain a potential which is the 
correlary to ds on the liquid side of the double 
layer. The experimental approaches to the respec- 
tive evaluations of the surface potentials are quite 
different. In the inversion layer case the evaluation 
depends on measurement of the conductivity of 
the inversion layer and a detailed knowledge of the 
conduction mechanism of the semiconductor. In 
the present investigation the evaluation of ¢ de- 
pends on a phenomenological formulation with 
only secondary dependence on a model and no 
dependence on the conduction mechanism in the 
liquid. This lack of knowledge of the mechanism 
of conduction in the liquid imposes certain re- 
strictions on the information that can be obtained 
from the experiments. 

Ideally, the information wanted from the exper- 
ments performed here is the charge distribution in 
the diffuse layer in the liquid. The experimental 
result obtained is essentially the electric moment 
of the double layer which is expressed as a potential 
by dividing by the rational permittivity. The 
separation of the electric moment into its com- 
ponents of charge and coordinate cannot be 
accomplished without further knowledge of the 
conduction mechanism in the liquid. This infor- 
mation is lacking so one is forced to discuss the 
results in terms of 7, the electric moment or €, the 
zeta potential. 

The interesting result from this investigation is 
that the organic liquids acetone, methanol and 
nitrobenzene appear to be as active electrically in 
contact with a germanium surface as water. In 
fact acetone is much more active judging by the 
large value of zeta potential for the acetone— 
germanium interface. It is very difficult to under- 
stand how this can occur by invoking the classical 
theories of selective adsorption of ions at the solid 
surface. For this reason we have considered the 
space charge in the liquid to be the result of elec- 
tron transfer between liquid and semiconductor. 
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DISPLACEMENT PROCESSES ON GERMANIUM 
SURFACES 


K. H. MAXWELL and MINO GREEN 
Zenith Radio Corporation, Chicago 39, Illinois 


Abstract—Some displacement experiments were carried out on germanium surfaces produced by 
crushing. In these a monolayer of either water, methanol, n-butanol, isopropanol or atomic hydrogen 
was first adsorbed, the excess gas removed from the gaseous phase and then a known amount of 
oxygen admitted to the system. The results show that oxygen reacted with the germanium surface 
in spite of the material already adsorbed thereon. 

For those surfaces covered with a monolayer of water it was found that oxygen displaced most of 
the water from the surface. The take-up of oxygen was retarded in the early stages of the reaction, 
compared with a clean germanium surface, but was greater at longer times. The logarithmic rate 
law was not obeyed. Where alcohols were the “‘pre-adsorbed’’ material the results were qualitatively 
very similar to water but the retarding effect at the beginning of oxygen adsorption was greater for 
the larger molecules. 

Oxygen adsorbed to a considerable extent on surfaces covered with a monolayer of hydrogen and, 
as with the other materials, the early take-up of oxygen was less than with a clean surface. The 
oxygen take-up after long times was approximately the same as that on the clean germanium surface. 
Only a small fraction, if any, of the hydrogen was desorbed during the adsorption of oxygen. This 
certainly suggests that the binding of the hydrogen atoms to the germanium surface is not of the 


simple covalent type that might have been expected. 


INTRODUCTION 
OF prime importance to an understanding of any 
adsorption process is a knowledge of the type of 
bond holding the adsorbate to the adsorbent. This 
information becomes doubly important when the 
adsorbent is a solid semiconductor since an ad- 
sorbed layer can affect the surface space charge 
and its attendant properties considerably.) In 
many instances the bonding is clearly of a particu- 
lar type but certain cases have been reported re- 
cently,®@: %) involving germanium as the adsorbent, 
in which it is not certain what bond type was 
operative. Experiments providing further informa- 
tion about these adsorptions would be useful. In 
particular, it seemed to the authors that displace- 
ment reactions, in which one chemical species re- 
places another already bound to the germanium 
surface, would prove informative. 


PREVIOUS WORK 
In a recent paper the authors®) reported that the 
adsorption of certain chemical species on clean 
germanium surfaces at room temperature occurs 


to the extent of about a monolayer. Adsorption 
was very rapid and the rates could not be measured. 
These adsorbate molecules all contained a hydro- 
gen atom linked to a highly electronegative atom, 
either oxygen or nitrogen, i.e. the molecules all 
contained —OH or >NH groups. On the basis 
of a crude model, electrostatic interaction between 
the permanent charge distributions of adsorbate 
and adsorbent was found to account for adsorp- 
tion. The binding was described as a form of 
“hydrogen bond”’. The calculated heats of adsorp- 
tion were large for molecules which can form a 
hydrogen bond (water, methanol, etc.) and virtu- 
ally zero for molecules not of this type (chloroform, 
benzene, etc.). The success of the model in pre- 
dicting the adsorption or non-adsorption of a 
variety of different molecular types was striking. 
A consequence of this picture is that the adsorbate 
molecule is bound closely to a germanium surface 
atom and the concept of an adsorption site is re- 
tained. 

The adsorption of molecular hydrogen on a 
germanium surface at room temperature occurs 
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to a very slight extent, if at all.@-4) However, 
atomic hydrogen does adsorb strongly®-7) and 
the coverage may reach a monolayer. It would be 
expected that a hydrogen atom would react with 
the “dangling bond” of a germanium surface atom 
and a normal covalent bond would ensue. How- 
ever, HEILAND and Hanp found that the 
adsorption of atomic hydrogen increased the p- 
type conductivity of a germanium surface, already 
strongly p-type in the cleaned condition. Had a 
normal covalent bond been formed a reduction in 
the p-type conductivity would have been expected. 

From this brief survey it can be seen that the 
chemisorption of oxygen does seem to occupy a 
unique position in the surface chemistry of ger- 
manium. The extensive take-up of oxygen beyond 
monolayer coverage“: 8) is exhibited by no other 
adsorbate so far studied. The very large heat of 
adsorption®: 9) is evidence that the binding of the 
initial oxygen layer to the germanium must be 
covalent. 


SCOPE OF THE PRESENT INVESTIGATION 

Some displacement reactions were carried out 
to obtain more information about the binding of 
hydrogen, water and some alcohols on germanium 
surfaces. Hydrogen, water or an alcohol (methanol, 
isopropanol and n-butanol were employed) was 
adsorbed on the gerraanium powder surface to 
approximately monolayer coverage, the excess gas 
removed from the gas phase and then a known 
amount of oxygen admitted to the system. The 
oxygen pressure was measured as a function of 
time. Surface areas of the powders were deter- 
mined. The results are discussed in terms of the 
binding of the primary adsorbate to the germanium 
and its effect on the kinetics and extent of oxygen 
take-up. 


EXPERIMENTAL METHODS 
(a) General 
The general experimental details regarding the 
vacuum system, pressure measurement, purity 
and purification of materials have been given else- 
where. 8) 


(b) Adsorption apparatus 

Two types of adsorption cells were used, both 
being a modification of the double chamber 
apparatus described by GREEN et al.(8), Fig. 1(a) 
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is a diagram of the adsorption cell used whenever 
the primary adsorbate was a readily condensable 
gas such as water or an alcohol. The apparatus 
employed when the first adsorbate was atomic 
hydrogen is shown diagrammatically in Fig. 1(b). 


(c) Experimental procedure 

The apparatus was evacuated and baked out at 
300°C for several hours at 10-6 mm Hg. A known 
quantity of oxygen was admitted to the upper 
chamber which was then sealed off. The remaining 
steps in the procedure depended on which gas was 
the primary adsorbate. 

When water or one of the alcohols was the first 
adsorbate the adsorption cell shown in Fig. 1(a) 
was used. A known pressure of gas was admitted 
to the lower chamber which was then sealed off at 
the point s. The germanium disc was crushed and 
the pressure decrease measured. The excess gas 
was condensed in the capillary side-arm by placing 
a liquid nitrogen trap around the side-arm which 
was kept chilled throughout the experiment. To 
start an experiment the break-seal connecting the 
upper and lower compartments was broken to 
admit the oxygen. The pressure was measured as 
a function of time. 

The adsorption cell shown in Fig. 1(b) was em- 
ployed for the experiments where atomic hydrogen 
was “‘pre-adsorbed”’ on the germanium surface. 
A known quantity of hydrogen was introduced 
into the lower chamber and the point y was sealed. 
The heating current for the tungsten filament was 
turned on and the germanium crushed. (‘The con- 
ditions under which this operation was carried out 
will be described in detail later.) When the adsorp- 
tion of atomic hydrogen was considered to be 
complete, a break-seal leading to a Varian Vaclon 
pump, working at 10-8 mm Hg, was broken and 
the excess hydrogen pumped off. The adsorption 
cell was sealed off at the point z when the pressure 
had dropped to approximately 10-’ mm Hg; this 
took typically 2 min. The break-seal connecting 
the upper and lower compartments was broken 
to admit oxygen and start the experiment. The 
pressure was measured as a function of time. All 
adsorptions were at 23°+1°C. 


(d) Supplementary experiments 
Certain additional experiments were undertaken 
to furnish experimental documentation of certain 
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aspects of the work. These are described in this 


section. 

It is important to establish, for the experiments 
using apparatus, Fig. 1(a), that water or an alcohol 
will be frozen out in the capillary side-arm a short 
time after entering the gas phase. A mixture of 
oxygen and water was introduced into a cell that 
consisted essentially of the bottom compartment 
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Fic. 1. Diagrams of the two types of pyrex glass adsorption cells used: 


using methanol or n-butanol mixed with oxygen 
gave similar results, although the condensation_of 
n-butanol was appreciably slower. 

A potential source of error was that water, 
orginally adsorbed on the glass walls of the cell 
may desorb when oxygen was introduced into the 
lower chamber. A blank experiment was run in a 
simple double chamber apparatus‘) having a known 
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(a) for the condensable primary adsorbates water and the alcohols; 


of apparatus, Fig. 1(a), anda liquid nitrogen dewar 
was placed around the side-arm. One min. after 
cooling the side-arm the thermistor registered a 
pressure of 135,.Hg, while after 3 min. the 
pressure was 132 » Hg of oxygen, at which value 
it remained for as long as the measurements were 
made (3 hr). Thus it can be seen that water con- 
densed out rapidly, even in the presence of the 
oxygen, and that the pressures recorded by the 
thermistor will indeed be due to oxygen except 
possibly for the earliest measurements (the first 
few minutes). Similar experiments carried out 


(b) for atomic hydrogen as primary adsorbate. 


amount of oxygen sealed in the upper chamber- 
The lower chamber was exposed to water vapour 
at 500 » Hg for several hours, the water was quickly 
pumped out and the chamber sealed off. After 
breaking the connecting break-seal the oxygen 
pressure was 98 , Hg and it remained stable over 
18hr. The expected value, knowing the oxygen 
pressure in the upper chamber and the volumes, 
was 97-6 » Hg. It is clear that oxygen does not dis- 
place the water adsorbed on the glass, at least to 
within the accuracy of the pressure measurements 
(2 per cent). 
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(e) The adsorption of atomic hydrogen 

The production of atomic hydrogen was accom- 
plished by a hot tungsten filament? 1) using the 
apparatus shown in Fig. 1(b). The hammer in the 
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about 3 min., and the hammer was raised to its 
former position. The pressure had dropped by a 
large amount and the pressure decline was followed 
for about 30 min. after which time it had virtually 
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Fic. 2. The hydrogen pressure in the system as a function of time 
during the adsorption of atomic hydrogen on germanium. 


lower chamber was raised to a position above the 
side-arm containing the tungsten filament and the 
filament heating current was turned on. ‘There was 
an immediate decline in the pressure which con- 
tinued for some time but had virtually ceased after 
20 min. The germanium was crushed with the glass- 
encased drop-hammer, the time of crushing being 


H 


halted. The germanium powder was stirred fre- 
quently by applying a vibrator to the bottom of 
the lower chamber. The results obtained in an 
actual experiment are shown in Fig. 2; the surface 
area of the germanium powder was 301 cm? and 
the volume of the lower chamber, plus the tubing 
up to the break-seal leading to the Vaclon pump, 
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was 84-3.cm%. The decrease in pressure in the 
time between turning on the filament current and 
crushing the germanium must be due to the 
adsorption of atomic hydrogen on the glass; the 
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PRIMARY ADSORBATE 


hydrogen per germanium surface atom, assuming 
there are 7-7 x 1014 sites per cm? on a germanium 
surface.8) While the adsorption of atomic hydro- 
gen on the glass does prevent an accurate estimate 
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Fic. 3. The take-up of oxygen plotted against the logarithm 

of the time for germanium surfaces previously covered with 

a monolayer of water, methanol, isopropanol and n-butanol. 

Run no. 1 (final pressure) oxygen 93 » Hg, surface area 198 cm’. ; 

Run no. 2 (112 » Hg, 219 cm?); Run no. 3 (108 » Hg, 189 cm?); 
Run no. 4 (89 » Hg, 197 cm?). 


amount of hydrogen so removed was 8-2 x 1016 
atoms. The quantity of hydrogen removed from 
the gas phase after crushing the germanium was 
about 2°8x 1017 atoms, or about 1:2 atoms of 


being made of the quantity adsorbed on the ger- 
manium, the results leave little doubt that the 
coverage was extensive and approached a mono- 
layer. 
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A blank experiment was carried out to determine the lower chamber sealed off, and the connecting 
whether the hydrogen adsorbed on the glass was _ break-seal broken to admit the oxygen. The an- 
desorbed when oxygen was admitted. A similar ticipated pressure was 1584Hg while the 
apparatus to that shown in Fig. 1(b) was used measured pressure was 156, Hg and it stayed 


PRIMARY ADSORBATE 


RUN No. 5 —-@—— HYDROGEN 
RUN No. 6 HYDROGEN 


CLEAN SURFACE OXIDATION 


a 
a 
= 
a 
z 
> 
4 
w 
w 
a 
> 


° 


100 1,000 10,000 
TIME (MINUTES) 


Fic. 4. The take-up of oxygen plotted against the logarithm 

of the time for germanium surfaces previously covered with a mono- 

layer of hydrogen. Run no. 5 (final pressure oxygen 138 » Hg, 
surface area 301 cm?); Run no. 6 (33 » Hg, 310 cm?). 


except that neither the germanium nor the hammer _ constant over 24 hr. Thus oxygen does not displace 
was present. The hydrogen was admitted to the the adsorbed hydrogen from the glass to within 
lower chamber and the filament turned on for the accuracy of the pressure measurements (2 per 
30 min. The excess hydrogen was pumped out, cent). 
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(f) Surface area determinations 


When either water or methanol was the primary 
adsorbate the surface area was calculated from the 
pressure decrease on crushing and the volume of 
the chamber. The authors have shown) that these 
two gases adsorb to monolayer coverage at room 
temperature and at pressures of 50-300 u Hg. 
When n-butanol, isopropanol or hydrogen was 
the pre-adsorbed species the surface area was de- 
termined at the end of each experiment by the 
BET method, using krypton at liquid nitrogen 
temperature. 


(g) Accuracy 

The take-up of oxygen could be determined 
with an accuracy of +2 per cent. The surface area 
determinations were reproducible to about +3 per 
cent. The absolute accuracy of the BET method is 
uncertain: 18) but a reasonable estimate would 


seem to be + 10 per cent. 


RESULTS 

The results are summarized in graphical form 
in Figs. 3 and 4 in which the coverage (the average 
number of oxygen atoms per germanium surface 
atom) is plotted against the logarithm of the time. 
The coverage at a particular time was calculated 
from the oxygen take-up and the surface area of 
the powder, it being assumed that the pressure 
registered by the thermistor was due only to 
oxygen. The thermistor is a non-linear Pirani 
gauge which has to be calibrated for each gas and 
it cannot be used for gas mixtures. A further 
assumption needed is a figure for the number of 
adsorption sites per cm? of germanium surface. 
The figure of 7-7 x 1014 sites/cm? was chosen,'®) 
The pressure in the system at the time the experi- 
ment was discontinued and the surface area of the 
germanium powder for each run are given in the 
figure captions. At least two runs were carried out 
with each primary adsorbate, although the results 
of only one run for each substance are given in 
Fig. 3. The pressures of oxygen are roughly the 
same for all the runs shown in Fig. 3. No attempt 
was made to investigate the effect of oxygen 
pressure on the rates. For the purposes of compari- 
son the take-up of oxygen on a clean germanium 
surface (crushed powder) at about the same oxygen 
pressure is included in Figs. 3 and 4. 


DISCUSSION 


The results leave little doubt that oxygen reacted 
with the germanium surface to a considerable 
extent in spite of the material pre-adsorbed thereon. 
It is most convenient to divide the discussion into 
two parts, one dealing with the surfaces on which 
water and the alcohols were primary adsorbates 
(Fig. 3) and the other with the surfaces covered by 
hydrogen (Fig. 4.). 

When a germanium surface, covered with a 
monolayer of water, was exposed to oxygen the 
adsorption of oxygen was retarded in the early 
stages compared with that on a clean surface. 
However, the take-up after 500 min was already 
considerably greater than for the clean surface and 
was proceeding at a greater rate. The presence of 
the initial water monolayer has quite altered the 
kinetics of the oxygen adsorption and probably 
the structure of the oxide layer. The coverage 
after 1400 min exposure to the oxygen was 2:5, 
already much greater than that ever observed at 
these pressures when the starting surface was 
clean germanium. 

It is important to establish whether the initial 
monolayer of water was completely displaced by the 
oxygen or whether all, or part of it, was retained 
on the surface during oxygen adsorption. At the 
end of the oxidation run the condensed water was 
released by removing the liquid nitrogen dewar 
from the capillary side-arm and the new pressure 
measured. (The thermistor usually cannot be used 
for measuring the pressure of gas mixtures, but the 
calibrations for oxygen and water vapour were 
very similar and, in this case, an estimate could be 
made.) Knowing the oxygen pressure, the amount 
of water originally adsorbed on the germanium and 
the excess water frozen out in the side-arm, it was 
found that approximately 85 per cent of the 
adsorbed water layer had been displaced. It is 
difficult to estimate the error in this percentage 
but +10 per cent would be an upper limit. An 
additional difficulty encountered in making this 
estimate was that, after the release of the water, 
the pressure rose rapidly to a maximum and then 
declined continuously. The fall in pressure was 
followed for about an hour. No quantitative data 
could be obtained, for the reasons given above, 
but it seems most likely that the adsorption of 

water on the oxidized surface was occurring. On 
this assumption the amount adsorbed in 1 hr 
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corresponded very approximately to 0-4 of a mono- 
layer. 

The results obtained for methanol or n-butanol 
as the primary adsorbate were qualitatively 
similar to those with water (see Fig. 3). The early 
take-up of oxygen was considerably less than that 
on clean germanium but the rates of take-up 
were much greater at longer times. The surfaces 
covered with water, methanol and n-butanol seem 
to form a homologous series in their reaction with 
oxygen, the larger the grouping attached to the 
—OH the slower the reaction with oxygen. It was 
not possible to determine how much of the initial 
adsorbed alcohol was retained by the oxide layer. 
There was evidence, similar to that obtained with 
water, that methanol adsorbed on the oxidized 
germanium surface. 

The surface initially covered with isopropanol 
behaved rather differently. The ‘nitial take-up of 
oxygen was greater than for the surface covered 
with n-butanol but the subsequent take-up was 
much slower. The shape of the curve (Fig. 3) is 
different from the other three. As this was the only 
branched-chain alcohol studied, the result suggests 
that there is a structural factor, other than the 
mere size of the pre-adsorbed molecule, involved 
in the retardation of oxygen take-up. 

These results are consistent with the authors’ 
view that molecules having the —OH grouping 
are bound to a germanium surface by electrostatic 
forces), i.e. by forces weak compared with a ger- 
manium-oxygen electron pair bond. Had the bind- 
ing of water and the alcohols been by means of a 
strong electron pair bond it is unlikely that adsorp- 
tion of oxygen on a vacant surface germanium 
site would have induced the desorption of the first 
adsorbate species. If oxygen adsorption does not 
seriously perturb the binding energy of the first 
adsorbate species then the rate of oxygen adsorp- 
tion should equal the desorption rate of the first 
species. The desorption rate of water and methanol 
from a germanium surface at room temperature is 
known to be small.(4; 15) Therefore, the adsorption 
of oxygen cannot be simply by the reaction at sites 
vacated by the unassisted desorption of alcohol 
molecules. 

The following picture of the displacement of 
water presents itself. Oxygen adsorbs initially in 
vacant sites left in the adsorbed monolayer of 
water (for example, 5 per cent of vacant sites could 
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not be detected). The adsorbed oxygen interacts 
with the neighboring suface complex (Ge... HzO), 
in such a way that the complex becomes unstable 
and water molecules are desorbed. More oxygen 
then adsorbs in the newly created vacant sites and 
the process continues. This picture visualizes the 
displacement process as starting at vacant adsorp- 
tion sites and continues with the oxygen “peeling 
off” the water layer. On patches of the surface 
where a monolayer of oxygen atoms has been laid 
down, the build-up of the oxide layer can com- 
mence. The overall kinetics would be very com- 
plicated and the rate of oxygen take-up probably 
sensitive to surface dislocations, crystal edges and 
corners, these being obvious locations for vacant 
sites in the monolayer of adsorbed material. 

The results obtained when oxygen reacted with 
a germanium surface covered with a monolayer of 
hydrogen (Fig. 4) have certain features in common 
with those just discussed. The early take-up of 
oxygen is less than that on a clean surface but 
the rate of adsorption is greater and the coverage 
does eventually exceed that found on the clean 
surface. The results in Fig. 4 are based on the 
assumption that hydrogen was not present in the 
gas phase and the thermistor was reading oxygen 
pressures. If hydrogen had been displaced from 
the surface and replaced oxygen in the gas phase 
the thermistor would have registered an apparent 
pressure increase. Hydrogen is a more effective 
conductor of heat than oxygen and hence a given 
pressure of hydrogen will produce a larger change 
in the resistance of the thermistor than the same 
pressure of oxygen. This is illustrated in Fig. 5 
which shows typical calibration curves for the two 
gases. The desorption of small amounts of hydro- 
gen (<0-1 of a monolayer) could not have been 
detected. Thus, it can be said that the considerable 
adsorption of oxygen, measured from the earliest 
stages of the reaction, was not accompanied by the 
displacement of large amounts of hydrogen. 

The possibility that there was a reaction between 
oxygen and hydrogen at the surface cannot be 
ignored. To test this possibility a run was carried 
out with an apparatus of the type shown in Fig. 
1(b) but with an additional capillary side-arm 
sealed onto the lower chamber. The adsorption of 
atomic hydrogen was carried out in the manner 
described previously. Just before admitting oxygen 
the side-arm was cooled to liquid nitrogen 
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temperature. Twenty minutes after the admission of 
oxygen the liquid nitrogen dewar was removed 
and the side-arm allowed to warm up. No increase 
in the pressure of the system was noted. Had a 
significant amount of water been formed and de- 
sorbed, it would have been observed subsequently 
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layer cannot be covalent, the same reasoning apply- 
ing here as to the water case discussed above. It is 
tempting to postulate that the hydrogen atoms are 


bound in positions between the germanium surface 
atoms but there is no direct evidence to support 
this idea. 
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as a pressure rise when the side-arm warmed up. 
Therefore, it can be concluded that appreciable 
amounts of water were not formed when oxygen 
adsorbed on a germanium surface already covered 
with a monolayer of hydrogen. 

Since the hydrogen does not leave the surface 
when oxygen is adsorbed, it must either remain 
on the surface in some form or else enter the ger- 
manium lattice. In this latter connection it must 
be said that the large heat of adsorption of oxy- 
gen‘8- 9) could lead to localized surface heating, 
thereby assisting the dissolution of hydrogen atoms 
in the germanium. The view of HEILAND and 
HANDLER®) that the binding of hydrogen to a ger- 
manium surface is complex and not a simple bond 
would seem to be well substantiated by the results 
of this work. The binding of the initial hydrogen 
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Fic. 5. Calibration of the thermistor pressure gauge for hydrogen and oxygen. 
The off-balance p.d. is plotted against the logarithm of the pressure. 
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SUMMARY 

The following conclusions can be drawn from 
this work concerning the surface chemistry of ger- 
manium: 

(1) Oxygen adsorbs on germanium surfaces 
already covered with a monolayer of water or a 
simple alcohol. For those surfaces covered initially 
with water or methanol the extent of oxygen 
adsorption is considerably greater than that ob- 
served on clean surfaces. 

(2) At least for the water case, most of the initial 
monolayer is displaced by the oxygen. 

(3) Water adsorbs strongly on a clean ger- 
manium surface but does not adsorb appreciably 
on the surface in the early stages of oxidation (i.e. 
oxygen coverage up to approximately a mono- 
layer). During the later stages of oxidation (oxygen 
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coverage greater than two) water adsorbs by what 
appears to be a strong physisorption or a weak 
chemisorption. 

(4) These results are consistent with the 
authors’ view that water and alcohols adsorb on 
a clean germanium surface by a type of hydrogen 
bond and are not covalently bound. 

(5) Oxygen adsorbs strongly on surfaces already 
covered with a monolayer of hydrogen. The hydro- 
gen is not displaced, either as molecular hydrogen 
or in the form of water. 

(6) The suggestion of earlier workers that the 
binding of hydrogen atoms to the germanium 
surface is not by a simple covalent bond appears 
to be substantiated by the present work. 
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STAIN FILMS ON SILICON 


R. J. ARCHER 
Bell Telephone Laboratories, Inc., Murray Hill, New Jersey 


Abstract—A surface reaction resulting in film growth occurs on silicon immersed in 10-1-10-3 
molar solutions of nitric acid, sodium nitrite or nitrogen dioxide in hydrofluoric acid. The films also 


form as the result of a standard etching procedure. Three types of films are obtained depending on the 
resistivity and type of the subphase silicon. On the basis of silicon content, refractive index and other 
properties, it is tentatively concluded that one type of film is elemental silicon. The other types may 
be silicon hydrides. The rate of film growth is proportional to the reciprocal of film thickness and to 
the 3/2 power of the initial concentration of nitric acid or sodium nitrite. The rate of growth is 
nearly independent of subphase resistivity except for p-type silicon in the resistivity range from 0-1 
Q-cm to 0-001 Q-cm which encompasses a maximum in a plot of rate versus resistivity. The ele- 
mental silicon type films grow on subphases in this resistivity range while all other p-type material 


1. INTRODUCTION 

THE occasional formation of colored stain films on 
silicon following etching in HF-HNOsz solutions 
is commonly observed. FULLER and DITZEN- 
BERGER") established that such films can be consis- 
tently grown in dilute solutions of nitric acid in 
concentrated hydrofluoric acid; TuRNER®) and 
UHLIR®) report similar film growth during the 
anodization of silicon in hydrofluoric acid, and 
the film growth on germanium in HF-H20¢ 
solutions observed by ELtis) is probably a 
related phenomenon. This paper reports a study 
of the properties of stain films on silicon and of 
the staining process. 

Before presenting the results, an instance of the 
occurrence of these films, of significance to those 
concerned with the preparation or study of silicon 
surfaces, will be described. Ellipsometer“) measure- 
ments reveal that films 100-200 A thick consist- 
ently form on silicon surfaces in HF-HNOs etch- 
ing solutions when the dissolution action of the 
etch is quenched by dilution with water. Fig. 1 
plots data showing this effect. Curve (1) is the 
result of a cleaning and etching procedure, de- 
veloped to give surfaces with minimal film thick- 
nesses, the final step of which requires quenching 
the HNO3-HF etch by adding a large excess of 
nitric acid and then rinsing with water. If, instead, 
the etching action is stopped by diluting the etch 


and all n-type subphases grow the hydride type films. 
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with copious amounts of running distilled water, 
curve (2) results. The thicknesses of the films 
following water quenching are an order of magni- 
tude larger than for nitric acid quenching, and 

225+ 


200F 


25r 


FILM THIGKNESS 


SAMPLE NUMBER 


Fic. 1. Films on silicon surfaces following etching 
quenched by HNOs, curve (1) and by water, curve (2). 
1 Q-cm p-type. 


their chemical properties establish that they are 
the same substance as the thicker interference 
color range stain films. 

The following sections summarize the physical 
and chemical properties of the stain films and of 
the staining process. The results include measure- 
ments of the composition, refractive index, density 
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and electron diffraction patterns of the films and 
determination of the kinetics of the staining reac- 
tion and the dependence of all of these properties 
on the composition and concentration of the stain- 
ing solution and on the resistivity and type of the 
subphase silicon. 


2. PROPERTIES OF STAIN FILMS 

The appearance of the films depends on the re- 
sistivity and type of the subphase silicon. The 
films may be classified into three types on this 
basis. Type I films exhibit normal interference 
colors. They form on n-type material of any re- 
sistivity and on all p-type material except for that 
in the resistivity range from 0-25 Q-cm to 0-001 
Q-cm. Type II films show no interference colors 
beyond a certain thickness but are black. These 
films grow only on p-type silicon in a narrow 
resistivity range including 0-25 Q-cm and 0-1 
Q-cm. For these two materials, respectively, the 
films are black for thicknesses greater than those 
corresponding to the second order blue and first 
order brown interference colors. Type III films 
grow on p-type silicon in the approximate resis- 
tivity range from 0-1 Q-cm to 0-001 Q-cm. For 
subphases near the upper extreme of this range the 
films are invisible. They exhibit neither inter- 
ference nor intrinsic colors at any thickness. As 
the subphase resistivity decreases in the type III 
range, very pale interference colors are observed 
which increase in intensity with decreasing re- 
sistivity. For subphases lower in resistivity than 
0-001 Q-cm, normal type I colors are observed. 

The silicon content of the stain films was deter- 
mined by two different methods. Firstly, the pro- 
portion of silicon in the film was measured by 
dissolving a weighed quantity of film in a dilute 
alkaline solution and determining gravimetrically 
the silica content of the solution by the standard 
analytical procedure. The results for films of types 
I and III are shown in the third column of Table 
1. The indicated error of +3 per cent was deter- 
mined by applying the analysis to solutions of 
known silicon content. 

The second method for obtaining the silicon 
content of the films was by measuring the quantity 
of oxygen taken up by the films at high tempera- 
tures in an oxygen ambient. When a silicon 
specimen uniformly covered with a stain film is 
heated in oxygen at 900-1000°C there is an initial 
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Table 1. Weight per cent silicon content of films 


Film type Film oxidation | Silicon analysis 
| (wt.%) (wt.%) 
I | 88+8 | 9143 
II 97+1 | 
10245 100 +3 


Ill 


rapid uptake of oxygen followed by a much slower 
subsequent uptake. The fast and slow uptakes re- 
sult, respectively, from oxidation of the film and 
of the subphase. After the fast initial oxidation, 
the film has the chemical properties of silica and 
readily dissolves in hydrofluoric acid. By deter- 
mining the masses of the specimen before oxida- 
tion, after oxidation and after removing the 
oxidized film in hydrofluoric acid, the ratio of the 
mass of the initial stain film to that of the oxidized 
film may be obtained. On the assumption that the 
oxidized film is pure silica, this ratio yields the pro- 
portion of silicon in the initial stain film. The re- 
sults of such measurements for all three types of 
films are given in column two of Table 1. The 
indicated errors are the average deviations of 
several determinations. 

Within experimental error, the two analytical 
methods agree. It is concluded that type III films 
may be elemental silicon whereas type II and more 
certainly type I films are silicon rich compounds 
or mixtures. At the same time as the present work, 
but independently, Turner“) found that a stain 
film grown anodically in hydrofluoric acid was 
about 96 per cent silicon. 

The chemical properties of the films are similar 
to those of bulk silicon except that the films are 
more reactive. The films dissolve in aqueous alka- 
line solutions of pH greater than 9 at room tem- 
perature whereas bulk silicon is only attacked by 
hydroxide solutions at temperatures above 60- 
70°C. They are oxidized at high temperatures in 
oxygen and in warm nitric acid much more rapidly 
than bulk silicon. There are considerable differ- 
ences in the rates of these reactions between the 
different types of film in the order 
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The films are insoluble in HF but are rapidly dis- 
solved by silicon etches. 
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The refractive indices of the film were measured 
by the method of ABELEs‘), The method requires 
the determination of the angle of incidence at 
which monochromatic light polarized in the plane 
of incidence is reflected at the same intensity from 
the clean subphase and from the film covered 
surface. This angle is the Brewster angle for the 
film substance which is, of course, a measure of its 
refractive index. Experimental results are plotted 
in Fig. 2 as film refractive index at 5461 A versus 
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Fic. 2. Refractive index of film versus subphase 
resistivity. 


subphase resistivity for both n- and p-type silicon. 
These optical properties account for the appear- 
ance differences between films of types I and III. 
The occurrence of type I films corresponds to the 
entire resistivity range giving the nearly constant 
refractive index of about 2-7.* Invisible and pale- 
colored type III films correspond to the broad 
maximum of the p-type curve at a refractive index 
value of about 4-1. The refractive index of single- 
crystalline silicon is 4-13.) Thus, the magnitudes 
of the optical discontinuities at the film—subphase 
interface explain the difference in appearance be- 
tween type I and type III films, and the agree- 
ment between the type III film refractive index 
and that of bulk silicon supports the view that 
these films are elemental silicon. 

Knowing the refractive index, film thickness 
can be determined from interference color using 
Rollet’s table of optical thickness versus color.) 
Thickness values thus obtained combined with 
measurements of surface density (g/cm?) give the 
densities of the various films. For type I films the 


* The point for 0-1 Q-cm p-type was obtained for a 
film showing the first order brown color and may be 
considered of type I rather than type IT. 
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density is 1-5 g/cm, for type III films (0-004 Q-cm 
p-type subphase) 2-0 g/cm’. 

The results of electron diffraction measurements 
on film covered surfaces are ambiguous. Two 
measurements on type III films gave silicon single- 
crystalline arrays one of which also showed one 
sharp ring consistent with the pattern from poly- 
crystalline silicon. A type II film also gave the 
single-crystalline silicon pattern. One type I film 
gave a broad diffuse ring indicating an amorphous 
layer. Another type I film gave two interpenetrat- 
ing single-crystalline arrays, one of which matches 
silicon; the other is weak and unidentified. One 
point of ambiguity is whether the single-crystalline 
arrays indicate the structure of the films or of the 
subphase. If the former, film growth is epitaxial. 


3. PROPERTIES OF THE STAINING PROCESS 

Films of uniform coverage and exhibiting inter- 
ference colors through as many as 7 orders grow 
on freshly etched silicon immersed in 10-1-10-% 
molar solutions of nitric acid in concentrated 
hydrofluoric acid. The rate of growth increases 
with concentration and depends on subphase re- 
sistivity and type. Rates of hundreds of A/sec 
down to fractions of A/sec are observed. Film 
growth is also obtained in solutions of sodium 
nitrite in hydrofluoric acid and of nitrogen dioxide 
in hydrofluoric acid. 

Some samples of hydrofluoric acid do not pro- 
duce staining solutions even for nitric acid con- 
centrations as high as 0-02 molar, and any sample 
of hydrofluoric acid is made inactive by exposure 
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Fic. 3. Film growth rates on 0-004 Q-cm p-type silicon 
as a function of nitric acid concentration in vol. %. 
Note two time scales. 
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to a large area of powdered silicon. It is assumed, 
that some impurity in the hydrofluoric acid is 
necessary to activate the staining reaction and that 
powdered silicon “‘getters” this impurity. Active 
staining solutions are very slightly brownish or 
blue-gray in color depending on concentration. 
Inactive solutions are colorless. ‘“Gettering’’ has 
no effect on the staining action of sodium nitrite 
or nitrogen dioxide solutions. 

Vigorous agitation or stirring stops film growth 
in nitric acid solutions but increases the growth 
rate in sodium nitrite solutions and is without 
effect on nitrogen dioxide solutions. The addition 
of urea to the staining solutions inhibits film 
growth. Intense illumination increases the growth 
rate on n-type silicon and decreases that on p-type. 
Normal room light does not affect the rate. Open 
beakers of the staining solutions decrease in 
strength with time. 

The rate of film formation in room light at 
25-0+0-2°C and the dependence on nitric acid 
concentration, expressed in volume per cent of 
concentrated nitric acid (70-6 per cent) in concen- 
trated hydrofluoric acid (48 per cent), is shown in 
Fig. 3. The silicon is 0-004 Q-cm p-type which 
gives films more or less intermediate between 
types I and III with pale interference colors 
through 7 orders. Thickness is obtained from 
color using the refractive index 3-96. The data 
obey a parabolic rate law reasonably well as shown 
by the linearity of the thickness-square plot of 
Fig. 4. The dependence of the parabolic rate con- 
stant on nitric acid concentration is obtained from 
the log-log plot of the slopes of Fig. 4 against 

16 200 800 1000 


0.015%! 


0.01%! 


100 200 300 400 500 
TIME IN SECONDS 

Fic. 4. Film growth rates, thickness square versus time, 
as function of nitric acid concentration. Note two time 


scales. 25°C. 
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Fic. 5. Thickness square versus time slopes as a function 

of concentration. (1) 0-004 Q-cm p-type in HNOs solu- 

tions. (2) 10 Q-cm p-type in HNOs solutions. (3) 0-004 
Q-cm p-type in NaNOz solutions. 


concentration, curve (1), Fig. 5. The slope of the 
curve is 1-48+0-02, and all of the data of Fig. 3 
may be expressed by 

dL 3-73 x 108[ 


— = 1 
dt ( 


where L is thickness in A, time is in sec, concen- 
tration* in moles/l. and the boundary condition 
t = to at L = 0 obtains. Time fo is the induction 
period seen in Fig. 4. 

Solutions of sodium nitrite in hydrofluoric acid 
give data with the same characteristics as those of 
Fig. 3 and 4. The corresponding log-log plot of 
parabolic slope versus concentration for such data 
gives curve (3) of Fig. 5. The data obey relation 1 
when the coefficient of that expression is multiplied 
by (1/3)!48, i.e. to produce staining solutions of 
equal strength the molar concentration of sodium 
nitrite must be 3 times greater than that of nitric 
acid. 

Data for film growth (type I) on 10 Q-cm p-type 
silicon in HF-HNOs solutions is shown in Fig. 6. 
The lower curves exhibit a curious step-like 


* Here and elsewhere “‘concentration’’ is used loosely 
to designate the number of moles of solute initially 
added to a liter of solvent. 
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Fic. 6. Film growth rates on 10 Q-cm p-type silicon as a 
function of nitric acid concentration in vol. %%. 


growth. This phenomenon is consistently observed 
for type I films in dilute staining solutions but not 
for type III films. Another unusual aspect of the 
data is the approach to a limiting thickness shown 
by the upper two curves. Beyond a certain thick- 
ness (the starred points) the slopes decrease much 
more rapidly than parabolically. This behavior 
which is attributed to dissolution of the film by the 
solution is always obtained with p-type subphases 
of resistivity greater than about 0-1 Q-cm but has 
not been observed for any other case. The data of 
Fig. 6 give reasonably linear plots on a thickness- 
square versus time scale up to and including the 
starred points and for all points on the lower curve. 
The results of such a plot give curve (2) of Fig. 5. 
The data are consistent with equation (1) if the 
constant (3-73 x 108) of that equation is multiplied 
by 1/3. 

The dependence of the growth kinetics on sub- 
phase resistivity for p-type* silicon in 0-015 vol.°, 
nitric acid solutions is shown in Fig. 7. The points 
on the four upper curves for invisible type III and 
black type II films were obtained by weighing the 
silicon specimen before and after dissolving the 
films in 20 per cent sodium hydroxide solutions. 
Surface density is then converted to thickness by 
means of the film densities given above. For type 
II films the density is unknown and the thick- 
nesses of the black films on the 0-1 Q-cm speci- 
men were obtained using 1-5 g/cm? the value for 
type I films. Consequently these data may be in 
error by a constant factor. 


* For all resistivities, the silicon is boron doped. 
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Fic. 7. Film growth rates on p-type silicon as a function 
of subphase resistivity, noted on curves in Q-cm, in 
0-015 vol. °46 HNOs. 


The dependence of growth rate on subphase 
resistivity is shown in Fig. 8 where thickness, from 
Fig. 7, after 500 sec in the staining solution is 
plotted against resistivity. Corresponding results 
for n-type subphases are also shown but the de- 
tailed data will not be given. The n-type thickness 
versus time data are very similar to the 1 and 10 
Q-cm p-type curves. 

The resistivity range encompassing the maxi- 
mum in the p-type curve of Fig. 8 corresponds to 
the range of type III film formation (except for the 
0-1 Q-cm point which is for a type II film). Very 
approximately the relative parabolic rate constants 
are obtained by squaring the thickness ordinate of 
Fig. 8. It is thus seen that at the maximum, type 
III films grow about 16 times faster than type I 
films. The relative differences in the growth rates 
on n-type and p-type materials for resistivities 
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Fic. 8. Dependence of kinetics on subphase resistivity 
and type. 
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greater than 0-25 Q-cm is real but is larger here 
than for similar experiments performed using more 
concentrated nitric acid staining solutions where 
the rate differences are almost within experimental 
error. The minimal rate for the 0-0007 Q-cm 
p-type sample shown in Fig. 8 is observed for 
staining solutions of any concentration as is the 
small increase in rate with decreasing n-type sub- 
phase resistivity. The similarity of the character- 
istics of the refractive index curves, Fig. 2, and 
the rate curves of Fig. 8 is noteworthy. 


4. DISCUSSION 

There has been speculation that the stain film 
substance might be silicon monoxide, but the 
silicon content of the films precludes that possi- 
bility. A more likely hypothesis is that type I and 
perhaps type II films are silicon hydride and that 
type III films are elemental silicon or silicon rich 
mixtures of elemental silicon and silicon hydride. 
Solid, polymeric silicon hydrides with composi- 
tions varying from SiH to SiHe are described in 
the literature.? 19 Little work has been done on 
the properties of these substances, but the follow- 
ing pertinent observations are reported. Like 
stain films, the material dissolves in aqueous alka- 
line solutions. The compounds decompose to 
elemental silicon and hydrogen when heated to 
1000°C. Consistent with this hydride property, 
type I films heated to 1000°C in vacuum dis- 
appear, that is, the subphase surface no longer 
shows an interference color. Analysis by mass 
spectrometry of the evolved gases from a type I 
film following such a heating gave about equal 
quantities of Hz and H2O. The total quantity of 
hydrogen evolved, both as Hg and as H2O, would 
indicate a formula SiH; /2 for the particular film 
mass heated. However, this one run is not believed 
to be quantitatively valid because of the possibility 
that the film was partially oxidized (hence the 
evolved water) and that the film substance was not 
completely decomposed. Qualitatively, though, 
the result supports the hydride hypothesis. No 
He or HgO (beyond normal background) was ob- 
tained when a silicon specimen without a film was 
heated. Finally, no fluorine, nitrogen or oxygen 
was evolved from the film. Further measurements 
are planned to establish quantitatively the hydro- 
gen content of the films. Within experimental 
error the proportion of silicon in type I films is 
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consistent with the formula SiH. Finally, the 
formation of silicon hydride under staining con- 
ditions would not be a unique phenomenon since 
the formation of hydride films on a number of 
metals during dissolution in hydrofluoric acid has 
been observed. (2) 

The facts that type III films have refractive in- 
dices very close to that of elemental silicon, that 
their silicon content is 100 per cent+3 per cent 
and that they are considerably less reactive than 
type I films, e.g. they dissolve much more slowly 
in alkaline solution, leads to the view that they are 
predominantly elemental silicon. 

Consistent with UHLIr’s) measurements on the 
anodic formation of stain films on silicon, the 
oxidation step in the film growth corrosion process 
is assumed to be 


Si—> Sit*++ 2e (2) 
The resultant two-plus silicon compound could 
be SiHg for type I films, or for films which are 
elemental silicon it can be supposed that an inter- 
mediate two-plus compound forms and spontane- 
ously decomposes to elemental silicon and some 
oxidation product. Most compounds which con- 
tain silicon in the two-plus oxidation state are 
thermodynamically unstable at room temperature. 

In all of the staining solutions, the species NO3-, 
HNOs, NOzg and NO coexist. The cathodic or re- 
duction step of a corrosion reaction in this system 
is, according to VETTER), 


e+NO2-> NOs (3) 


and the rate limiting step is normally the formation 
of NOg by the reaction 


HNO3+ HNOe= 2NO2+ H20 (4) 
This mechanism explains the fact that nitric acid 
solutions made with “‘gettered’”’ hydrofluoric acid 
do not stain, since the reaction cannot occur until 
it is initiated by at least a trace of NOzg or HNOg, 
and this trace comes from the reduction of nitric 
acid by impurities in the hydrofluoric acid which 
are removed by “‘gettering”. The reaction is auto- 
catalytic since once started, it leads to a build up 
in the concentration of HNOzs at the interface. 
Agitation, in the case of nitric acid solutions, in- 
hibits film growth by dispersing the large inter- 
facial concentration of HNOs. The opposite or nil 
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agitation effects in NOzg and NaNOz solutions 
must be related to the fact that these solutions con- 
tain relatively large concentrations of HNOz. Urea 
inhibits film growth by decomposing HNOgz to No. 

The 3:1 molar ratio between sodium nitrate and 
nitric acid staining solutions of equal strength may 
be explained by the following decomposition of 
the nitrite 


3HNO2-+HNO3+2NO+H20 (5) 


The parabolic kinetics of the staining reaction 
suggests that the rate limiting step is the diffusion 
of a reactant through the growing film, but the 3/2 
power dependence on the initial quantity of nitric 
acid or of sodium nitrite used to make the solutions 
has no obvious interpretation. 

The abrupt change in the properties of the film 
and in their rates of growth at the onset of the 
maxima of Figs. 2 and 8, may reflect the electro- 
chemical nature of the corrosion process that 
causes film growth. Although a mechanism that 
explains the maxima has not been worked out, the 
following speculation may be pertinent. At those 
parts of the subphase surface which are cathodic- 
ally polarized, a space charge barrier exists in the 
silicon which limits cathodic current, and if this 
current were rate limiting for film growth an 
abrupt increase in rate would be expected when 
the breakdown voltage of the barrier was smaller 
than the voltaic e.m.f. of the corrosion reaction. 
The breakdown voltage depends on resistivity and 
for material in the resistivity range of the maxima 
is about 1-2 volts.“%) This value is of the same 
order of magnitude as the e.m.f. of the reaction. 
The indicated mechanism could thus account for 
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the increase in growth rate, but is apparently in- 
consistent with the subsequent decrease in rate at 
lower resistivities and with the fact that the kinetics 
indicate a rate limiting step involving diffusion 
through the growing film. 

Clearly, the formulation of a detailed mechanism 
consistent with all of the properties of this unusual 
reaction and of the resulting films will require 
further experimental effort. 

The author wishes to thank R. D. HEIDENREICH 
and Mrs. M. H. Reap for the electron diffraction 
measurements, J. P. Wricut for the silica analysis 
and E. E, Francois for the mass spectrometry 
determination. 
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GAS ADSORPTION AND SURFACE CHARGE DENSITY 
OF GERMANIUM SURFACES 


M. J. SPARNAAIJ 
Philips Research Laboratories, Eindhoven, Netherlands 


Abstract—The influence upon adsorption properties is studied of the presence of discrete charge 
units at the surface of an adsorbent assuming a model given by EsiIn and Surkov'!) and by 


GrRAHAME!), This influence is certainly small when the surface charge density is lower than 1013 
electronic charges/cm? and it is also small when this density is higher than 1015 electronic charges/ 
cm2. The influence may be appreciable when the surface charge density is in between these two 
values. A possible application may be found in the interpretation of adsorption data of argon at an 
oxidized germanium surface, Such a surface then would carry 1014-1015 electronic charges per cm? 
which are compensated by positive charges at a distance of some angstrom units in the direction of 
the bulk. Data concerning the chemisorption of oxygen at a non-oxidized germanium surface are 


communicated. 


1. INTRODUCTION 

Puysicat adsorption of noble gases on solid sur- 
faces is usually explained by the London—Van der 
Waals attraction between the gas atoms and the 
atoms of the solid material. However, when electro- 
static fields are present near the surface, another 
type of attraction may play a role, the attraction 
energy V being given by: 


V = —huF? (1) 


where « is the polarizability of the gas atom and 
F the field strength. It is the purpose of this paper 
to show, that in some cases this polarization energy 
V is of the same order of magnitude as the calcu- 
lated London-Van der Waals energy and will lead 
to a contribution to the adsorption energy which 
may not be neglected. 

Consider for this purpose a layer of discrete 
charges at the surface of an adsorbent, these 
charges being compensated by a space charge 
layer in the bulk at some distance from the surface. 
The layer of discrete surface charges in com- 
bination with the compensating space charge, will 
give rise to local electrostatic fields near the surface 
and it is only in the case of a continuous charge 
distribution both of the space charge and of the 
surface charges that these electrostatic fields 
exactly balance each other at any position in a 
plane parallel to the surface (Fig. 1, arrow). There- 
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fore consideration of discrete charges is an 
essential feature of the treatment to follow. For 
convenience only the surface charges will be con- 
sidered as discrete entities. The compensating 
space charge which is at a larger distance from the 
surface will be considered as smeared out. This 
seems justified since a layer of discrete charges 


+ 


Fic. 1. Two layers of charge, both smeared out. A posi- 
tive space charge is indicated. No field present at the 
position where the arrow is drawn. 


and a layer with a continuous charge distribution, 
both having the same surface charge density a, will 
both produce a field with a field strength equal to 
2zo, if the distance is sufficiently large. 

The discrete surface charges give rise to con- 
siderable variations of the field strength in a plane 
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parallel to the surface. Thus in a small area close 
to a surface charge unit (we consider the surface 
charges as negative and the compensating space 
charge as positive) the field strength has a high 
negative value and in the large remaining area the 
field strength is positive because there the field due 
to the space charge is incompletely screened off by 
the surface charges. The surface charges, together 
with cracks, holes and so on, will be considered 
as active spots. These active spots attract gas atoms 
in an early stage of the gas adsorption and will give 
rise to relatively high values of the adsorption ener- 
gies at a low degree of coverage 0, say @< 0-1. The 
field elsewhere may be considered as representative 
for the surface. Therefore we will be mainly 
occupied in this paper with estimates of this field. 
Reasonable estimates can be carried if an appro- 
priate model is used. Such a model is available and 
is considered in detail by EstIn and Suikov“) and 
by GraHAME®). Their results are illustrated quali- 
tatively in Fig. 2. A high surface charge density 
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Fic. 2. Potential (vertical) versus distance (horizontal). 
A positive space charge is indicated in the figures. 


(1016 electronic charges/cm?) will only lead to a 
high field value close to the surface (Fig. 2a). The 
minimum distance between a gas atom and the 
surface may then be so large, that an appreciable 
value of V can not be attained. At the other extreme, 
a low surface charge density (~10!° electronic 
charges/cm*) will lead to a field strength which 
extends to a larger distance, but whose value is 
small everywhere. It is only in the middle range, 
that one can expect the charges to play an im- 
portant role. Here a sufficiently large value of the 
field strength (~ 10® V/cm) may be found at a dis- 
tance of say 23 A, giving rise to a relatively large 
value of the polarization energy V. 

Curves of the polarization energy versus distance 
will be compared with a “reference curve” calcu- 
lated from the London-Van der Waals interaction 
energy. This interaction energy not only depends 
on such atomic characteristics as polarizability and 


ionization energy but also on the flatness of the 
surface. A rough surface leads to a higher value of 
the interaction energy than a smooth surface. 
Therefore in actual physical situations the London 
-Van der Waals attraction may be larger than 
expressed by our “reference curve’’. Although the 
comparison necessarily has a qualitative character, 
interesting details concerning the electric state of 
the surface can be revealed from it. 

It should be emphasized that in the calculations 
to follow the field strength is considered to have 
a constant value in time. This is essentially different 
from calculations of Van der Waals forces where, in 
using equation (1), the time average value of F? is 
used, the time average value of F being zero. Now 
actual situations may be intermediate between 
these two extremes, i.e. it may be that the electric 
charges as depicted in Fig. 2 vary their positions 
in time such that the time average value of F is 
relatively small whereas the time average value 
of F? is considerable. Such a situation may occur, 
if the surface layer of an adsorbent consists of 
polar molecules. Although at present detailed 
calculations for this situation are not available, 
their results are likely to be qualitatively the same 
as those given in this paper. 


2. CALCULATION 
2.1. The polarization energy 


Two contributions for the calculation of the 
electric field outside the surface can be considered: 
the contribution due to the presence of the charges 
on the surface and the contribution from the space 
charge compensating the surface charge (see Fig. 
3). The field due to discrete surface charges can be 
calculated from a model proposed by EsIn and 
SHIkOV!) and by GraHAME®), This model con- 
sisted of circles with radius rj and a charge unit at 
the centres, the circles being arranged in a two- 
dimensional hexagonal pattern. A sheet of such 
circles was then considered. The sheet was made 
circular as far as possible and the charge at the 
centre of the sheet was assumed to be removed, 
the other charges retaining their position. The 
potential, yo, say at the position of the missing 
charge, was determined by adding the coulomb- 
potentials of the charges in the sheet. Then the 
potential at a distance R of the sheet at the axis of 
the missing charge was computed in the same way. 
This potential be denoted as #,. Whereas yo and 
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yr separately do not converge to some limit as the 
area of the sheet is extended by taking more circles, 
the difference does and appears to be: 


= 2mo{(r? + (2) 


where o is the surface charge density, the surface 


charges being negative in sign. One has aro = e. 


Fic. 3. Potential contributions near a flat plate with dis- 
crete charge units. The dielectric constant has the same 
value everywhere in the figure. 


The expression holds good, if the surface area 
of the sheet is more than 2(10r;)? and if 
0-02<R/r,<0°5. The numerical factor 0-8 be- 
comes somewhat higher if R/r;>0-5. It tends to 
unity at still larger values. Then the potential 
difference approaches the usual expression 270R. 
According to Laplace’s equation Ay = 0 and 
owing to the fact that the potential is periodical 
along the surface, the expression 270R will be 
approached exponentially. 

The field arising from %o—7; is given by 

0-8R 
- —— = 
oR (7, +R) 

For the calculation of the field contribution due 
to the compensating space charge, it will be 
assumed that the distance between the individual 
charges and the position which is under considera- 
tion outside the surface, is large. Then this con- 
tribution is equal to two and the whole field be- 


comes: 


0-8R (4) 


(2+ 


Image effects may interfere with the field given by 


F= = 


I 
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equation (4). Consider two adjoining dielectrics, 
1 and 2, with dielectric constants €; and ¢1, respec- 
tively, and a charge e in dielectric 1. The field at a 
point in this dielectric can then be calculated as if 
only this dielectric were present, containing now 
an additional charge e’ at the mirrored position. 
It follows from electrostatic theory that 

€2—€1 

d= (5) 

Thus, if in vacuum (€; = 1) a charge unit is con- 
sidered very close to the surface of a dielectric with 
high eg value, the field in vacuum will be small. If, 
now returning to the situation pictured in Fig. 2, 
the surface charges are located in dielectric 1 and 
the space charge in dielectric 2, the original 
assumption of a continuous charge distribution of 
the space charge is somewhat violated. Part of the 
space charge should be considered as concentrated 
in positions opposite the surface charge units and 
mirrored about the plane of separation of the two 
dielectrics. This leads to lower values of the field 
strength F. If «; = 4 and eg = 16 and if the dis- 
tance between the surface charges and the plane of 
separation is 2 A, this means that at a few angstrom 
units distance of the surface charges, the value of F 
should be lower by some 10 per cent compared 
with equation 4. Since there are two planes of re- 
flection instead of one, a multiple reflection treat- 
ment should be followed according to ERSHLER®) 
and to GRAHAME. Such a treatment will only lead 
to a small change of the calculated potential-dis- 
tance curve in our case. 

More important corrections are likely to arise 
from modifications of the model used by EsIn and 
SHIKOV and by GraHAME®). It may be seen, that 
an irregular distribution of the surface charges 
leads to higher values of the field strength than a 
regular distribution because in the latter case the 
situation more resembles that of a continuous 
distribution than in the former. Now apart from 
the removal of the (important) central charge, the 
model used by Estn and Suikov and by GRAHAME 
consisted of a regular array of charges. ‘Therefore 
other models may provide higher representative 
values of the field strength. 


2.2. The London—Van der Waals energy 


and Lonpon) derived the following 
equation for the interaction energy EF between a 


f 
a 
% 
\Y 
V lie 
A 
1960 
ity 
Pilg 
: 


114 


gas atom and the (flat) surface of a solid containing 
g atoms per cm?: 


where A is a constant. This equation is obtained 
by an integration procedure, starting with the 
interaction energy v of two atoms, a distance r 
apart: 6)- 


(7) 


According to Lonpon’s harmonic oscillator- 
model, >) the constant is given by: 


A = Rhy (8) 


where AV, and AV2 are ionization energies of the 
atoms and where a and a are their polarizabilities. 

Equation (6) can be improved by using a summa- 
tion procedure‘) instead of an integration, and by 
taking into account, that the additivity of the inter- 
atomic interactions, underlying this summation or 
integration is not entirely justified.6) Then the 
values of E become about twice as high. However, 
a much more important correction arises from the 
fact that a solid surface is never atomically smooth 
as assumed here. This is a difficulty inherent in all 
adsorption treatments and it cannot be accounted 
for in detail. 


2.3. Comparison 

In Fig. 4 four curves are shown; three curves 
are made according to equations (1) and (4) using 
three different values of o and one curve is made 
according to equation (6) where A = 10-59 erg cm® 
and g = 4x 102 cm-* were chosen. These are 
representative values for a number of cases." 
It appears from a comparison between the curves, 
that the polarization energy can become of the same 
order of magnitude as the London—Van der Waals 
energy. It should be kept in mind that especially 
the London-Van der Waals energy, but also the 
polarization energy may have higher values than 
those calculated here from simplified models. 
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Fic. 4. Drawn curve according to equation (6). Dotted 
curves according to equations (1) and (4). The surface 
charge o is expressed in number of electronic charges 
per cm®. For o< 3 x10 the interaction energy V will 
not extend beyond 3 A. The polarizability of the argon 
atom was inserted in V and taken to be 1-65 A®. The 
constant q7A in E was taken to be 12 x 10-8? erg cm’. 


3. THE GERMANIUM SURFACE AND THE 
OXIDIZED GERMANIUM SU RFACE 


An application of the given calculation may be 
found in the interpretation of argon gas adsorption 
data, published elsewhere,“® obtained at 77°K 
and 90°K with the germanium surface and the 
oxidized germanium surface as the adsorbents. In 
these experiments the germanium surface was 
obtained by crushing a crystal in air and, after 
bringing the obtained powder in a vacuum system 
to be used for volumetric adsorption measure- 
ments, heating at 600-800°C for 50 hr at least, the 
vacuum being less than 10-6 mm, or in a refined 
version of the apparatus (double walled quartz, 
Alpert-Bayard gauges) less than 10-9 mm. Dis- 
solved gas and a surface oxide layer were removed 
by this treatment. After cooling the surface 
properties of the powder were much the same as 
those reported by other authors“1-15) who 
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prepared their surface by crushing a crystal in high 
vacuum or by other methods in absence of oxygen 
gas. A monolayer of oxygen is easily formed at 
77°K or at room-temperature provided the 
oxygen gas pressure is sufficiently low (<10-5 mm.) 
A second layer can loosely be bound at low tem- 
peratures and becomes firmly attached to the sur- 
face at a higher (i.e. room-) temperature. Oxygen 
gas pressures which are higher than say 1mm 
result in a non-stoichiometric additional adsorp- 
tion at room temperature and, at 250-300°C, in a 
third oxygen layer. This third layer is possibly the 
same as that reported by Sun“) and may be due 
to a first step of oxygen diffusion into the bulk.(?) 
The oxygen can be removed probably in the form 
of volatile GeO.“8) This removal takes place at at 
least 575-600°C. The GeO settles on cold parts 
of the apparatus. According to X-ray investigations 
these (brownish) settlements were partly amor- 
phous and consisted partly of crystalline Ge and 
GeOz. Hardly any desorption takes place at room- 
temperature. This is in agreement with observa- 
tions of Law), RosENBERG”®), and 
SANDLER) all using different techniques. How- 
ever, desorption at room temperature was found by 
FARNSWORTH?) and DILLoN®@!)), Apart from this 
discrepancy which is sot understood,“ it is 
possible that all the authors mentioned have 
worked with the same type of surface. 

Less chemisorption of oxygen gas than reported 
here may take place after a heat treatment at 900- 
950°C in bad vacuum or after etching the surface 
with oxidizing etchants. 

Argon gas was chosen as the adsorbate instead 
of a heavier noble gas because its polarizability is 
relatively small and consequently the interaction 
between argon atoms and the surface could be 
studied without being obscured too much by an 
interaction according to equation (7) between the 
argon atoms themselves. Neon could not be chosen 
because the adsorption at 77°K is too low. The 
argon adsorption at 77°K and 90°K on a non- 
oxidized (i.e. regenerated at 600-800°C) surface 
was less than the adsorption on a surface containing 
two or three oxygen layers, the adsorption on the 
two latter, oxidized, surfaces being almost the 
same. This holds for a degree of coverage of argon 
atoms which is lower than unity. From the 
adsorption isotherms and thermodynamic analysis 
at a degree of coverage @ where 0-:1<@<0°5 it 
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appeared that 


(77°K) 
(90°K) 


pi—p2e = 300 cal 
= 120 cal 


where pi—pe2 is the difference of the chemical 
potentials of the adsorbed argon at the same degree 
of coverage on the non-oxidized (1) and the oxi- 
dized (2) surfaces. Furthermore, using adsorption 
models, which according to EVERETT®?) probably 
are oversimplifications, the difference of adsorption 
energies £, — E> was estimated to be of the order of 
1 kcal/mole, a reasonable estimate of £ giving 
3 kcal/mole. It is this difference E; — Fz which may 
be attributed to a polarization energy as considered 
in this paper. In order to make sense, the polariza- 
tion energy should be small at the non-oxidized 
surface, i.e. less than 101% discrete charges/cm? 
should be present on the surface, and large at the 
oxidized surface, i.e. 1014-1015 discrete charges/cm? 
should be present. This number compares favour- 
ably with the surface charge density as calculated 
by GREEN®®) from the shift of the contact potential 
after oxidizing a germanium surface. GREEN’Ss in- 
terpretation was that this charge was smeared out 
over the surface. 

This number may represent the number of 
active spots at the surface (see Introduction). An 
alternative interpretation can be found in the 
principles outlined in the last paragraph of the 
Introduction. 


4. DISCUSSION 

Although there is agreement with GREEN’s con- 
clusion concerning the surface charge density, 
alternative explanations for the different adsorp- 
tions may of course not be ruled out. Thus, the 
closest distance of approach of an argon atom to 
the surface may be smaller in the oxidized case than 
in the non-oxidized case. This is unlikely because 
the radius of an oxygen ion is larger than the 
radius of a germanium atom. Another possibility, 
which is more likely, is that the constant A of 
equation (8) is larger for an oxidized surface than 
for a non-oxidized surface. Also, it is useful, 
according to equation (8), to compare the various 
polarizabilities and the ionization energies. Now 
the polarizability xo-- of an O-ion is about 2 A®) 
and that of the Ge4+ is about 1 A.'24) The value of 
age (the polarizability of the Ge-atom) is certainly 
higher. This also appears from the high refractive 
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index of germanium, which is about 4 at a wave- 
length A; of the incident light of 0-5 » and which 
is about 2 at Ay = 0-2 ».5) Lorentz’ equation then 
would give the result that «Ge>«o--. The constant 
A (equation 8) depends also on ionization energies. 
Often the values for the atoms are inserted. Then 
hVge®S8 eV andhVow13-6eV. On the whole it is 
doubtful to predict that the constant for an oxidized 
surface is higher than that for a non-oxidized sur- 
face. 

We finally return again to a possible influence of 
electrostatic fields. Their origin will not be dis- 
cussed. It may merely be remarked that the dis- 
creteness-of-charge as the origin of electrostatic 
fields at the surface of an adsorbent has first been 
suggested by DE BorR®® and later on by VeEr- 
wey”) in a discussion of the surface properties 
of colloidal particles. Furthermore, HERMANN and 
Wacener®8) and TEMKIN®®%) considered an elec- 
tronic gas close to the surface of metals as the 
origin of electrostatic fields. 

As a general rule an electrostatic field will 
polarize adsorbed gas atoms. This polarization 
should lead to a shift of the contact potential. Such 
a shift has been found by MIGNoLeT®®) for the case 
of noble gases adsorbed at metal surfaces, If dis- 
creteness-of-charge effects apply, a shift may also 
be expected in the case of the adsorption of (noble) 
gases at an oxidized germanium surface. However, 
the relation between this shift and the degree of 
coverage will be rather complicated since the field 
is not uniform along the surface and since mutual 
depolarization of the adsorbed gas atoms may 
become important at an increasing degree of 
coverage. Electrostatic fields will also influence the 
chemical potential- and the entropy-values of the 
adsorbed phase as has been pointed out by Kem- 
BALL®!) and by DE Borr®?), Although a clearcut 
interpretation of thermodynamic data is often 
difficult (Evererr®)), adsorption in therms of a 
variety of gases, in combination with measurements 
concerning the contact potentials may decide 
which mechanisms are responsible for the adsorp- 
tion. 
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ADSORPTION OF OXYGEN ON EVAPORATED FILMS OF 


GERMANIUM AND SILICON 
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Abstract—The heats of adsorption of oxygen on evaporated films of germanium and of silicon 


have been determined to an absolute accuracy of + 5 per cent by means of a Beeck type calorimeter. 
The variation of the heat of adsorption with surface coverage has been studied, together with the 


INTRODUCTION 
THE primary object of this investigation has been 
the determination of the heats of adsorption of 
oxygen on germanium and silicon; in addition, 
some subsidiary observations concerning the 
adsorptions have also been made. GREEN et al.) 
have already indicated the need for a reliable 
calorimetric investigation of these systems. For 
their work with germanium, these authors used 
crushed samples and the temperature rise follow- 
ing the adsorption was measured by means of a 
thermistor gauge embedded in the sample. This 
arrangement suffers from two major limitations. 
Firstly, temperature gradients within the calori- 
meter will be large and their presence will give rise 
to error both in the actual adsorption determination 
and, again, in the subsequent heat capacity deter- 
mination. Secondly, difficulty arises from the 
appreciable time taken for the gas to diffuse into 
the tightly packed adsorbent. For the present 
determinations, the adsorptions were made on 
evaporated films deposited in a Beeck type calori- 
meter.) The advantages and limitations of this 
design of calorimeter are referred to in the 
Discussion. 


* Present address: Department of Chemistry, Imperial 
College of Science and Technology, London, S.W.7., 
England. 


+ Present address: Denstone College, Uttoxeter 


Staffordshire, England. 


simultaneous change in film resistance. The significance of the results is discussed. 


117 


EXPERIMENTAL 
The calorimeter 

The full details of the calorimeter design and 
operation are to be published elsewhere in connec- 
tion with a separate study; the following is a brief 
account of the main features. The calorimeter con- 
sisted of a very thin walled glass tube wound with 
platinum wire which was made one arm of a 
Wheatstone bridge and which served as a resistance 
thermometer. The calorimeter tube was mounted 
vertically within a jacket through which a swift 
stream of water could be passed when a film was 
being laid inside the calorimeter tube, and which 
could be evacuated to prevent collapse during 
bake out and to reduce heat losses during a heat 
measurement. It was essential to good calorimetric 
technique to ensure that equal quantities of heat 
liberated anywhere within the calorimeter gave rise 
to equal changes in the resistance of the platinum 
thermometer. To this end, the calorimeter tube 
was prepared by the carefully controlled etching 
of a selected length of tubing and was of good 
longitudinal uniformity. The lateral uniformity, 
however, was not so satisfactory and its possible 
effect on the form of the results for silicon is re- 
ferred to in the Discussion. The platinum ther- 
mometer was wound on a lathe to ensure accurate 
spacing of the turns. The part of the tube deter- 
mining the heat capacity of the calorimeter was 
17 cm long and 30 mm in bore and was positioned 
so as to ensure the absence of errors arising from 
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end effects. The films were confined to the central 
10-11 cm section so that the platinum windings 
extended above and below the film. The overall 
sensitivity was approximately 1-7 m galvanometer 
scale deflection per degree. Scale deflections due 
to gas adsorptions varied from 4 to 20 cm/dose, the 
maximum deflection being reached in about 30 sec. 
The temperature drift rate was never more than 
1 mm scale deflection/min and it was frequently 
much smaller than this. The cooling was accurately 
Newtonian in form, but was due almost entirely 
to radiation losses. The heat capacity of the calori- 
meter was 2-$4+0-06 cal deg}. It was obtained 
as the result of a total of 35 calibration measure- 
ments in which heat was developed electrically in 
a number of metal films deposited in the calori- 
meter and use was made of modifications of both 
the pulse method of BaGc and 'Tompkins®) and of 
the equilibrium method of WHaBA and KEMBALL™). 


Film resistance measurements 

The films used for these measurements were 
deposited in a cylindrical vessel of ordinary glass 
tubing (3 cm bore) into the wall of which had been 
inserted two platinum ring electrodes at a separa- 
tion of 9 cm; these electrodes consisted of 0-5 mm 
platinum wire spot-welded to tungsten leads, 
Measurement of its electrical resistance was made 
by making the film one arm of a Wheatstone bridge 
but, because the film resistances were in the region 
of 100 mQ, the total resistance of the balance arm 
was only a few ohms, so care was taken to include 
the resistance of the connections when making an 
estimate of the absolute film resistance. Changes 
in film resistance were followed by observing the 
out of balance galvanometer deflection produced 
by an adsorption; this deflection varied linearly 
with change in resistance for changes of the 
magnitude occurring in these experiments. 


Surface area determinations and general procedure 
The pumping and gas dosage arrangements were 
similar to those which have been described in 
earlier publications.©) Both the germanium and 
the silicon were evaporated from small pieces of 
the material lodged in tight coils made in 0-3 mm 
diameter tungsten hairpin filaments which had 
previously been thoroughly outgassed; each fila- 
ment had from six to eight such coils. Due to the 


comparatively high resistance of the semicon- 
ductors, the coils were not shorted by their 
presence and temperatures adequate for the 
purpose of outgassing and evaporating the material 
could be achieved with moderate currents. Ger- 
manium was outgassed in the molten state before 
being placed in the calorimeter. The outgassing of 
the silicon was more difficult since silicon evapor- 
ates before melting; it also alloys with tungsten 
with consequent premature burn out of the fila- 
ment if the temperature is not confined to narrow 
limits. To assist outgassing of the silicon, the 
pieces were raised for a short time to a sufficiently 
high temperature to cause them to disintegrate 
and become distributed as a thin layer over 
the surface of the filament. The germanium used 
was 10-15 Q-cm n-type and the silicon was 9 Q-cm 
n-type; we are grateful to Bell Telephone Labora- 
tories, Inc., for the gift of both materials. The 
filaments were positioned as centrally as possible 
in the calorimeter tube in an effort to ensure a 
uniform deposit, but, in the case of silicon, the 
films obtained were somewhat uneven in spite of 
the precautions taken to ensure uniformity. The 
films were laid only after rigorous outgassing of 
the apparatus and it is estimated from the observed 
outgassing rates that contamination of a film 
would never exceed a few per cent of the available 
surface. The films were sintered at 40°C immedi- 
ately after deposition. 

Oxygen wes obtained by thermal decomposition 
of potassium permanganate. The surface areas of 
the films were measured by the B.E.T. method 
using krypton adsorption at — 195°C; the krypton 
was obtained in break-seal vessels from the British 
Oxygen Co. Ltd. and had a purity of 99-100 per 
cent, any impurity being xenon. The area measure- 
ments were made on films deposited in the calori- 
meter and used subsequently in adsorptions. A 
value of 3-0mm was used for the pressure of 
krypton at saturation at — 195°C and the relative 
pressures employed did not exceed 0-03. A value 
of 19-5 A2 was employed for the area [of the 
adsorbed krypton atom. 


RESULTS 

The calorimetric measurements 
The dependence of the heat of adsorption of 
oxygen on germanium and silicon is shown in Fig. 
1, Each increment of oxygen“gave rise in effect to 
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an integral heat over a small range of coverage and 
the points plotted correspond to the centre of each 
such increment. To bring the heat curves obtained 
in different experiments on the same system into 
accurate alignment with respect to coverage, each 
set of data was normalized to the average value of 
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HEAT OF ADSORPTION (KCAL/MOLE) 


0.25 0.50 0.75 1.00 


COVERAGE (86) 


Fic. 1. The variation of the heat of adsorption of 

oxygen on germanium and silicon with surface coverage ; 

the integral heats are 122 and 218 kcal mole“, respec- 

tively. The 6 values refer to initial film areas. @ ger- 

manium, three determinations; © silicon, two deter- 
minations. 


the volume of oxygen adsorbed per unit weight of 
film. Since the rate of oxygen uptake diminishes 
progressively with successive increments and there 
was no abrupt change in the rate at any particular 
stage in the adsorption, the limit of uptake used 
for normalization purposes in each case was taken 
as the coverage when the rate of adsorption had 
fallen to 6 » ml (at s.t.p.)/min at a pressure of 20 y; 
the average values used for the adsorptions were 
based on eight determinations in the case of ger- 
manium and six in the case of silicon. ‘The @ values 
were calculated on the basis of 7-77 and 8-36 x 1014 
adsorption sites/em? for germanium and silicon 
respectively, @ being defined here as the number 
of oxygen atoms adsorbed per surface adsorbent 
atom. The number of surface adsorbent atoms per 
unit area for both germanium and silicon were 
based on a mean for the (111), (110) and (100) 
planes in which the first two planes were given a 
weight of two.4) The mean maximum 6 values 


corresponding to our criterion for the conclusion 
of the fast adsorption were 0-83 and 1-07 for ger- 
manium and silicon, respectively; the scatter on 
these values was not more than 2 per cent. A par- 
tially covered silicon film was left overnight, and 
the rate of uptake of oxygen and the heat of 
adsorption observed the next day corresponded 
precisely to the measurements made prior to the 
films standing; the same was true for the rate of 
adsorption on germanium, but no heat measure- 
ment was made in this case. This is good evidence 
that the surfaces had not suffered any significant 
contamination during this period which was con- 
siderably longer than normally taken for a deter- 
mination. 

Heat measurements with the present calori- 
meter were limited to fast adsorptions, and calori- 
metric measurements were discontinued, there- 
fore, when the residual pressure of oxygen exceeded 
10-6 mm after 3 min from the time of admission 
of the increment. The overall uncertainty, includ- 
ing both the irreproducibility arising in the calori- 
metric technique and that due to variation in film 
properties does not exceed 5 per cent and is prob- 
ably rather less. 


Reduction in film area due to oxygen adsorption 

There is a reduction in film area of about 20 per 
cent for germanium and 30 per cent for silicon 
following the adsorption of oxygen. This effect is 
exemplified in Table 1 which contains a selection 
of typical data relating to the adsorptions. It is seen 
that while the the film areas per unit weight are 
variable, the @ values referred to the initial area are 
reproducible and these are the @ values used 
throughout the work. Also, the extent of area re- 
duction due to the adsorption appears to be inde- 
pendent of the initial area. 

Adsorption (d) on germanium was carried out 
in two stages. Oxygen was first admitted to the 
film at — 196°C, when 0-010 ml was adsorbed; on 
warming the film to room temperature, a further 
0-009 ml of oxygen was adsorbed. 


The rate of the adsorption 

A very rough estimate of the rate of adsorption 
could be obtained from the time taken by the 
calorimeter galvanometer to reach peak deflection. 
Some allowance was necessary for the response 
time of the system and this was estimated to be 
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Table 1. The adsorption of oxygen on germanium and silicon 


Film Volume of 6 | Krypton monolayer Initial | Final 
weight oxygen from volume film | area as 
(mg) adsorbed initial before after | area | percentage 
area oxygen adsorption | (m2g-1) | of initial 
(ml at s.t.p.) (m] at s.t.p.) area 
Germanium | 
(a) 8-3 0-074 0-80 | 0-123 | 0-098 | 78 80 
(b) 109-5 0-482 | 0-82 | 0-781 | O-555 | 37 
(c) 45-6 0-315 0-83 | 0-500 0-380 57 76 
3-2 0-019 0-031 0-027 | | 


0-065 1-08 
(b) D2 0-030 1-09 
7°6 0-276 1-05 


* See text. 


15 sec from observations of adsorptions in which 
the apparatus and not the adsorption was the rate 
determining factor; in Fig. 2, ¢ is the time to peak 
deflection less the response time. This quantity 
is seen to diminish from the very first dose in the 
case of germanium, but, in the case of silicon, the 
rate of adsorption remains immeasurably fast until 
about 6 = 0-5, when it commences to decrease in 
the same characteristic way as for germanium. 


Film resistance measurements 

The resistance of films of germanium and silicon 
were determined after successive doses of oxygen 
until the films were saturated ; the results are shown 
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Fic. 2. Dependence on coverage of the rate of adsorption 
of oxygen on germanium and silicon; the differently 
styled points denote separate experiments. 
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in Fig. 3. For germanium, the adsorption resulted 
first in an almost instantaneous change in resistance 
which was then followed by a slow change. Silicon 
did not show this effect; each adsorption resulted 
in a rapid re-adjustment of film resistance until the 
slow effects accompanying the presence of a 
residual pressure of oxygen in the*%system were 
reached. 
DISCUSSION 

Germanium 

The maximum heat of adsorption of oxygen on 
germanium is 132 kcal mole“! which is very com- 
parable to the heats of oxidation which are 129 and 
122 kcal mole“, respectively, for GeO2 and GeO). 
A coincidence of the maximum heat of adsorption 
with the heat of oxidation has been observed by 
us for a number of the transition metals and will 
be commented on elsewhere. The initial heat of 
adsorption of oxygen on germanium observed by 
GREEN et al.) was in excess of 250 kcal mole! and 
even allowing for the different nature of their 
adsorbent and ours, in that the distribution of 
crystal faces might not have been the same in the 
two cases, their value is undoubtedly too high for 
the reasons indicated in the Introduction. There 
is also a marked difference between the shape of 
these workers’ heat of adsorption versus coverage 
curve which was sigmoidal, and that reported here. 
GREEN and LIBERMANN* have shown recently that 


* private communication. 
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diffusion of oxygen into crushed germanium can 
be slow relative to the rate of adsorption and this 
will give rise to error both in the magnitude of their 
heat value, because the temperature of the thermis- 
tor will not be the same as that of the various parts 
of the sample, and additionally in the shape of the 
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Fic. 3. The variation of film resistance with the extent 

of the adsorption of oxygen. CQ, @ germanium; (© de- 

notes the final resistance and @ denotes the value to 

which the resistance first changed rapidly after the 
adsorption. /\, silicon, 


heat versus coverage curve. The magnitude of a 
heat of adsorption as determined with our calori- 
meter is independent of diffusion effects, so long, 
that is, as the adsorption is sufficiently rapid for 
the cooling correction to be relatively small and 
this is always so. On the other hand, the apparent 
variation of heat of adsorption with coverage is, 
of course, still a function of any diffusion effects. 
The fact that the curves relating heat of adsorption 
and film resistance with coverage both show a very 
definite change in trend at approximately 6 = 0-4 
suggests that the adsorption is a composite process. 
Against this must be set the observation that the 
rate of adsorption diminishes from the very be- 
ginning of the adsorption and is apparently deter- 
mined by the same law throughout. However, the 
fact that the adsorption can be composite is clearly 
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demonstrated by the observation that an adsorp- 
tion carried out at —196°C stops at 6 = 0-4 and 
only at a higher temperature does the adsorption 
proceed further. The value = 0-4, which 
appears to have a special significance, may con- 
ceivably be related to the fact that 40 per cent of 
the total area is the contribution assigned to both 
the (111) and (110) surfaces. The idea of a com- 
posite adsorption has been used by HANDLER to 
account for changes in surface conductivity when 
oxygen is adsorbed on a p-type germanium surface. 
He postulated a relatively strong bond involving 
the dangling bonds of the (111) face and a relatively 
weak peroxide type bonding involving the (100) 
face. The present situation does not appear to be 
amenable to so simple a description. Evidently we 
are concerned with an n-type surface since 
adsorption of oxygen results in an increase in film 
resistance, but, in this connection, it is to be noted 
that the behaviour of germanium towards oxygen 
seems to be independent of whether the material 
is n- or p-type.) We have also to take into account 
the manner in which the heat of adsorption varies 
with coverage. This is determined by several 
factors which include the distribution of crystal 
faces within the film, the relative rates of adsorption 
on the various faces and the manner of their varia- 
tion with coverage, and the total velocity of adsorp- 
tion relative to the rate of diffusion into the film. 
Very little is known about any of these factors. A 
study of the adsorption of oxygen on the transition 
metals has shown that there are three limiting ways 
in which each gas increment may become distri- 
buted throughout the calorimeter. ‘The gas may 
have sufficient time before it becomes adsorbed to 
pervade the whole of the adsorbent uniformly; or 
it may have sufficient time prior to adsorption to 
penetrate only part the way into the film, but to a 
uniform extent along the full length of the cylin- 
drical sample, with the result that each increment 
becomes distributed in a thin layer which is located 
at a greater depth within the film with each succes- 
sive dose. Finally, the gas may have a sufficiently 
high sticking coefficient to prevent its becoming 
uniformly distributed along the length of the 
calorimeter, but instead to cause it to condense in 
bands, each increment penetrating further down 
the calorimeter. Now, there is evidence‘: 8) to 
show that the adsorption of oxygen on nickel 
occurs in layers and for this system, the sticking 
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coefficient is approximately 5 x 10-3) ScHLIER 
and FaRNSwoRTH®®) have reported a sticking co- 
efficient of about 2 x 10-3 for the germanium (100) 
face and, since germanium films are more porous 
than those of nickel, a layering effect with ger- 
manium films seems probable. The sticking co- 
efficient for the clean (111) germanium face is 
some 10 to 20 times smaller than for the (100) face. 
Hence, a possible explanation of the initial steady 
heat is that adsorption occurs preferentially on the 
(100) face to full coverage (or, possibly, on the 
(110) face also and then to approximately half 
coverage) so that the same integral heat would be 
observed for each successive layer. When the 
layering effect was complete, the remaining area 
would start to be covered and the heat would fall. 
The most recent electron diffraction evidence of 
ScCHLIER and FaRNSWORTH®®) is in favour of a one 
to one correspondence between adsorbed oxygen 
atoms and germanium lattice positions and any 
_alternative explanation of the shape of the heat 
curve in terms of a direct or indirect interaction 
between such adsorbed atoms at a critical coverage 
will of necessity, in our present state of knowledge, 
be virtually entirely hypothetical. 

In the absence of additional evidence, the most 
that it seems can be deduced with certainty from 
the present calorimetric measurements is that the 
heat of adsorption of oxygen on germanium at 
moderate coverages is comparable to the heat of 
oxidation and in attempts to describe the bonding 
on such surfaces it will not be necessary to seek 
processes which are exceptionally energetic. 

The characteristic nature of the value of @ 
corresponding to the end of the fast adsorption, 
and the agreement of our value for this quantity 
(0-83) with that of GREEN et al.,“) who found 
6 = 0-9 at the end of 6 sec is good evidence for 
the validity of our @ values as calculated on the 
basis of initial areas. The reduction in area follow- 
ing adsorption is probably entirely restricted to the 
area of the adsorption, the clean area being quite 
unaffected. 


Silicon 

Again there is fairly good agreement between 
the maximum heat of adsorption observed here 
(230 kcal mole-1) and the heats of oxidation to SiO 
and SiO», both of which are approximately 210 
kcal mole~!, and again, therefore, the bonding in 


the surface layer is probably very similar to that 
found in the bulk oxide. The adsorption on silicon 
is much faster than on germanium and it is not 
until about @ = 0-5 that the time for an adsorption 
falls below the response time of the apparatus. This 
is in keeping with the higher sticking coefficients 
which have been reported for the oxygen-silicon 
system. Thus, EIsInGER and Law“) find a value 
between 0-01 and 0-02 for an unoriented clean 
surface, while SCHLIER and FARNSWORTH report 
values of 0-02 for the clean quenched (100) surface 
and between 0-1 and 0-2 for the (111) surface. 
These coefficients are sufficiently high to cause 
some ill defined banding for each increment as 
described earlier, but because the heat capacity is 
constant along the entire length of the calorimeter 
this effect will not be reflected in the shape of the 
heat versus coverage curve. Unfortunately, how- 
ever, we cannot be certain that the initial rise in the 
heat curve is not the result of an artefact. The films 
were unavoidably patchy and because there was 
some lack of lateral uniformity in the heat capacity 
distribution, it is conceivable that the increase in 
heat has its origin in this trivial cause and that it is 
not the consequence of some intrinsic variation in 
the heat of adsorption with coverage. 

As in the case of germanium, there appears to 
be a value of coverage, namely 8 = 0-7, which has 
a special significance. It is in this region that the 
heat of adsorption begins to fall and it is also here 
that the film resistance ceases to increase with 
coverage. At 6 = 0-8, the heat falls very rapidly 
and this coincides roughly with the point at which 
EIsINGER and Law“) find the sticking coefficient 
also diminishes rapidly. We again note that our 
silicon surface is n-type, but the characteristics of 
the oxygen seem to be independent of whether the 
material is n- or p- type.) An attempt to interpret 
the slope of the heat curve meets with the same 
difficulties as for germanium, but it is probable 
that the explanation is essentially the same in each 
case, 

Our finding of a coverage corresponding in effect 
to one atom of oxygen per surface silicon atom at 
the end of the fast adsorption confirms the usage 
of Law“), It throws doubt on the validity of the 
use by ScHLIER and FaRNsworTH"®) of larger 0 
values at full coverage and therefore on the correct- 
ness of their calculated values of the sticking 
coefficients at intermediate coverages. 


te 
ss 
2 
; 


HEAT OF ADSORPTION OF OXYGEN 


REFERENCES 


1. GrEEN M., Kararas J. A. and Rosinson P. H., 
Semiconductor Surface Physics (edited by K1nc- 
sTON R. H.) p. 349. University of Pennsylvania 
Press, Philadelphia (1957). 

2. Breck O., Advanc. Catalys. 2, 151 (1950). 

3. Bacc J. and Tompkins F. C., Trans. Faraday Soc. 
51, 1071 (1955). 

4. Wuapa M. and KempaLu C., Trans. Faraday Soc. 
49, 135 (1953). 

5. Ripgar E. K. and Trapnecy B. M. W., Proc. Roy. 
Soc. A205, 409 (1951). 


ON GERMANIUM AND SILICON | 123 


. BREWER L., Chem. Rev. 52, 1 (1953). 

. KLemperer D. F. and Stone F. S., Proc. Roy. Soc. 
A243, 375 (1957). 

. Haywarp D. O., Ph.D. Thesis, Liverpool University 
(1958). 

. R. E. and Farnswortu H.E., Advance. 
Catalys. 9, 434 (1957). 

. Scuurer R. E. and Farnswortu H. E., J. Chem. 
Phys. 30, 917 (1959). 

. EISINGER J. and Law J. T., J. Chem. Phys. 30, 410 
(1959). 

. Law J. T., J. Phys. Chem. Solids 4, 91 (1958). 


7 
: 8 
9 
43 
a 
a 
19060 
: 
3 


J. Phys. Chem. Solids 


Pergamon Press 1960. Vol. 14. pp. 124-130. Printed in Great Britain. 


THE ION BOMBARDMENT, OXIDATION AND 
REGENERATION OF GERMANIUM SURFACES 


S. P. WOLSKY and E. J. ZDANUK 


Research Division, Raytheon Company, Waltham, Massachusetts 


Abstract—A sensitive quartz microbalance and an omegatron type mass spectrometer were used in 
an ultra-high vacuum system to investigate the interaction of oxygen and germanium surfaces. 


Oxidation data at 3 mm pressure for ion-bombarded surfaces is discussed. The omegatron mass 
spectrometer provided valuable information concerning the nature and effect of experimental pro- 
cedures upon the sample ambient. Such knowledge is necessary for (1) developing the proper experi- 
mental technique and (2) interpreting the experimental data. It is concluded that adsorption in- 
vestigators must work with atomically clean surfaces of known crystal orientation and degree of 


INTRODUCTION 

THERE is general agreement that at pressures 
greater than 0-1 mm, the process of adsorption of 
oxygen on germanium surfaces consists of an in- 
stantaneous uptake followed by a slow further 
adsorption which proceeds according to a loga- 
rithmic rate law of the form N = A+B log t where 
N is the number of oxygen atoms adsorbed per 
cm? of surface in t minutes. The kinetic data 
obtained by different groups,‘!~*) however, varies. 
The exact mechanism of the thermal restoration 
of oxygenated germanium surfaces is unknown. 
There is still considerable uncertainty, therefore, 
concerning the nature of the oxidation process. 

This paper discusses the results of an investiga- 
tion of oxygen adsorption on and regeneration of 
ion-bombarded germanium surfaces including one 
experiment in which the ambient composition was 
monitored almost continuously. The effect of 
experimental procedures upon the observed 
oxygen-germanium kinetics is also considered. 


EXPERIMENTAL 

A very sensitive quartz microbalance and an 
omegatron type mass spectrometer were combined 
in a system in which pressures of 10-1° mm were 
attainable. A detailed description of the apparatus 
and experimental method including the surface 
cleaning argon ion bombardment technique is 
available elsewhere.“ 6-8) The combination of the 


perfection in order to obtain a more detailed knowledge of the oxygen—germanium interaction. 
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microbalance and the omegatron provides informa- 
tion concerning changes both in the weight of the 
sample and the composition of the system ambient. 
In general weight changes of 0-15 yg could be de- 
tected. A discussion of the reproducibility of the 
microbalance measurements is presented below. 
The characteristics and application of the omega- 
tron spectrometer have been discussed pre- 
viously. 10) The tube used in this work had a 
sensitivity of 5 x 10-1 mm with sufficient resolu- 
sion to completely separate masses forty and forty- 
four. 

All experiments were with oriented single 
crystal samples of 0-002-0-004 in. thickness and 
total surface areas of 10-20 cm?. The samples were 
heated with an external oven which fitted snugly 
around the quartz hangdown tube. 


MICROBALANCE REPRODUCIBILITY 

The results of an experiment in which the scatter 
of points was slightly greater than average, Fig. 1, 
will be used in a discussion of the reliability of the 
microbalance. The individual observed weight 
changes were limited by the minimal detectable 
quantity which was, in this instance, 0-14 ug or 
3x 1014 atoms/cm?. The straight line which best 
fits the data, as determined by the least square 
method, has the equation N = 8-9x 1014+4-1x 
1014 logio ¢. If a reasonable confidence level of 95 
per cent is assumed, a range of slopes from 3-2 to 
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5-1x 1014 and of intercepts from 8-2 to 9-6 is 
obtained. The dotted lines in Fig. 1 are the possible 
plots at the 95 per cent level. Vibrational inter- 
ference with the microbalance operation has rarely 
exerted a significant effect upon the experimental 
result. The procedure of making repeated readings 
of the balance reduces the error below the mini- 
mal detectable weight change. 


RESULTS 

The ambient compositions recorded at all 
feasible stages of an oxidation experiment are 
tabulated in Table 1. The analysis in column A 
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is, as has been assumed, due chiefly to the desorp- 
tion of argon. 

(3) The argon adsorbed by the sample during 
the bombardment process is not readily completely 
removed. Although some of the argon detected 
during the 600° heating was undoubtedly desorbed 
from the quartz hangdown tube and the sputtered 
film, observations with an empty tube@!) which 
had been used in similar oxidation experiments 
have led us to conclude that most of the argon was 
released from the sample. 

(4) Heating to 600° caused an increase in the CO 
and H2O concentrations. These gases were probably 


29.0 | 


Oxygen pressure = 3mm 
Temperature = 23°C 


13.0 


Oxygen atoms /cm? 
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was that following a total of 52 hr of bakeout at 
200-250°C. Since the omegatron is not usually 
used above pressures of 10-°mm, the argon 
analysis was performed at a convenient pressure of 
6x10-7mm. The germanium sample was out- 
gassed at 650-700°C for at least 8 hr prior to its 
use in this experiment. In considering ‘Table 1, it is 
necessary toremember that both the sample and sur- 
rounding quartz tube were affected by such experi- 
mental procedures asion-bombardmentand heating. 

The omegatron results reveal several interesting 
factors. 

(1) The argon used in the bombardment was 
not a source of significant contamination of the 
system. Our gas handling technique and the argon 
analysis in column B have been discussed in detail 
elsewhere.) 

(2) The large initial pressure rise generally 
observed on heating argon-ion-bombarded surfaces 


100 


Time (minutes) 
Fic. 1. The oxidation of germanium (microbalance reproducibility). 


adsorbed by the quartz surfaces during such pre- 
experimental processing as cleaning and _ glass- 
blowing. Similar ambient changes occur during 
the bakeouts necessary to obtain ultra-high 
vacuum conditions, especially in Pyrex systems in 
which decomposition of the glass above 350°C re- 
leases water and other undesirable contaminants. 

Following the second heating (column H), 
which is not a usual part of the experimental pro- 
cess, oxygen was admitted at 3 mm pressure. The 
kinetics, shown in Fig. 2(b), may be expressed by 
the equation N = 3-4x 104+4-9x 10" logio ¢. 
The sample was of (110) orientation. The interest- 
ing aspects of the kinetics are (i) the low initial 
uptake of ~0-4 monolayers of oxygen indicating 
partial contamination of the surface and (ii) the 
comparatively high rate of further adsorption so 
that after 1000 min the equivalent of 2-1 mono- 
layers of oxygen had been formed. The sample 
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330810" 
25.0-- N=17x10'5 +1.9x10" logigt 
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heating at 615°C for 2 hr prior to oxygen exposure 
should have regenerated any surface covered with 
GeO, it is likely, therefore, that the contaminant 
was GeOg. Since the kinetics of the oxygen adsorp- 
tion process as a function of orientation are not 
completely known, no quantitative comparison of 
the rate with other than (110) samples is valid. 
It has been suggested !2) that the rate of oxidation 
of the (110) plane is greater than that of the (111) 
or (100) in the range of room temperature to 550°C. 

Plots A, C and D were obtained with (100) 
oriented samples. Samples A and C were given the 
usual experimental processing, whereas sample D 
remained in vacuum for 19 hr following bombard- 
ment and was annealed at only 400-425°C prior to 
oxygen exposure. The surfaces of C and D were 
similar in that both had been etched by the thermal 
and ion-bombardment treatment. Sample A 


Time (minutes) 


Fic. 2. The oxidation of germanium. 


100 1000 


showed no signs of etching. In general the samples 
are not etched by the experimental procedure. The 
equations for plots A, C and D are as follows: 


(A) N = 8-9x 1014+ 4-1 x 1014 logy ¢ (P 
(C) N = 1-7x10541-9x 104 logit = 
(D) N = 7-4x 1014+1-5 x 1014 logiot } 3 mm) 


A completely anomalous result is presented in 
Fig. 3. In this instance there appeared to be an in- 
duction period (t<10) when little or no adsorption 
occurred following which the process proceeded 
at a very high rate according to the equation N = 
0:96 x 1014+5-6x 1014 logig ¢. The situation was 
further complicated by the observation of a film 
on the sample surface. A detailed investigation was 
not performed to determine the nature of this film. 
No weight loss was observed on removal of the 
oxygen by pumping. 


x10'4 
200 T T 
Oxygen pressure = 3mm _| 
Temperature = 23°C 
20K N=0.96x10'*+5.6 x10'*logiot 


Oxygen atoms /cm2 


(at t>I0) 


Time (minutes) 


Fic. 3. The oxidation of germanium. 
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Table 2 


= 0-1 mm’) 


(1) N =8-4x104+41-43 x10" logio t 
(2) | N=7-70x104+1-09 x10" logio | P = 66mm®) 
(3) | N = 4-60 x 104+0-50 x logio t | P =0-1—0-6 mm 


= 7-42 x 10'4+0-70 x logio 


| N = 9-65 x 1014+0-89 x 1014 logio t 


DISCUSSION 

The differences in the individual kinetic experi- 
ments described above are not unique. A brief 
survey (Table 2) of the adsorption data of others 
using comparatively large area powdered samples 
reveals similar disagreements. 

These data were obtained with samples prepared 
by crushing in vacuum (equation 1), and chemical 
reduction in CO (equation 2) or He (equation 3). 
In addition to the data in Table 2, other pertinent 
information has been reported. GREEN et al.() 
observed the uptake on crushed surfaces at a 
pressure of 60 mm to be 2-4+0-2 layers of oxide 
after 18 min of exposure with no further detectable 
increase. LIGENZA®) attributed similar results in 
his work to the catalyzing effect of moisture. 
SPARNAAY®), using crushed surfaces in an oxygen 
pressure of 10 mm, noted a rapid uptake of 2-23 
oxygen atoms per surface germanium atom 
followed by a continuing slow reaction, Subsequent 
heating at 600°C caused regeneration of the original 
surface. Finally, the work on the heat of adsorption 
of oxygen on germanium films presented at this 
Conference®) raises the question of the accessi- 
bility of oxygen to the surfaces in a tightly packed 
powder. 

There appear to be several possible major 
mechanisms which either separately or in com- 
bination could produce the variable adsorption 
data observed. 

(1) Partial contamination due either to in- 
sufficient initial surface cleaning or inadequate 
vacuum conditions would cause differences of the 
initial uptake in individual experiments. Whether 
the overall kinetic rate is affected may depend upon 
the nature of the contaminant. 

(2) The presence of contaminants in the surface 
could, by having a catalytic effect upon the 
chemisorption process, affect the extent of 


immediate oxygen coverage as well as cause an 
increased overall rate. 

(3) If the adsorption process is surface structure 
sensitive, as has been suggested, both the initial 
coverage and the subsequent rate would be 
affected. 

It is apparent that several combinations of the 
above processes could explain the data of Fig. 2. 
The low initial uptakes are consistent with the 
existence of a partial contamination of the surfaces. 
The similarity in the rates of the etched surfaces 
C and D and their difference with that of sample 
A infers the possibility of surfaces which are 
energetically different because of structural dis- 
similarities. Of course, the catalyzing effect of a 
reactive contaminant could also explain the com- 
paratively high adsorption rate observed with 
sample A. The anomalous oxidation, Fig. 3, in 
which an induction pericd cccurred suggests a 
nucleation or rearrangement type process. No 
definite understanding of this experiment is avail- 
able at this time. This result is offered mainly to 
illustrate further the large gap of uncertainty 
concerning the adsorption properties of germanium 
surfaces. 

Although we have referred specifically only to 
our own data in the above discussion, it is felt that 
all reported oxidation data can be explained 
similarly. For example, surfaces prepared by 
vacuum bakeout or chemical reduction could 
readily show detailed differences both in surface 
contamination and structure. Further speculation 
on this subject is valueless until more detailed 
knowledge of the dependence of the oxygen 
adsorption on such factors is available. 

The omegatron experiment has revealed infor- 
mation important to the surface investigations. A 
preliminary discussion of this data has appeared 
elsewhere.“ The generation of both oxidizing 
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and reducing species by the experimental pro- 
cessing could cause competitive reactions at the 
sample surface. With the composition of the 
ambient dependent upon the history of the 
system, the cleanliness and physical state of the 
surface might be expected to vary in each experi- 
ment unless a very carefully planned rigorous and 
methodical treatment of the system is performed. 
Even after such processing, the movement of 
crushing or cleaving mechanisms may cause 
enough desorption from glass and metal parts to 
interfere in the measurements. 

The comparatively large surface areas of the 
powdered samples should serve to mitigate serious 
surface contamination. Prolonged heating of the 
sample in uncertain ambients, or its repeated use 
in a series of experiments, however, could result in 
deleterious effects. The investigations of electrical 
properties, on the other hand, have generally in- 
volved samples of, at most, several square centi- 
meters total surface area. The comparatively small 
area makes such measurements especially sensitive 
to even slight degrees of contamination. In most 
such experiments, fortunately, heating is accom- 
plished by passing a current through the sample 
thereby avoiding any direct heating of the con- 
tainer walls. However, in clean surface work con- 
sideration should be given the possible effects of 
all experimental procedures. BILLs and Everr(!4), 
for example, have suggested that glass decompo- 
sition during bakeout, ion-bombardment or the 
heating of filaments near the container walls may 
contribute to contamination of a sample surface. 

It is obvious that the vacuum technique is of 
prime importance. The use of a simple bakeable 
mass analyzing device such as an omegatron to 
monitor the ambient, therefore, is extremely 
valuable if not actually a necessity in the develop- 
ment of experimental technique. 

The omegatron experiment indicated that very 
long post-bombardment heatings are necessary to 
completely remove the bombarding gas from the 
sample. This result is consistent with the observa- 
tion of Mappen and FarnswortH >) who found 
the surface recombination velocity to be dependent 
upon the temperature and duration of heating. ‘The 
effect of incomplete annealing procedures upon 
oxygen kinetics are not known but obviously if the 
adsorption is structure sensitive, careful control of 
the annealing procedure is necessary. A single 
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experiment in this laboratory with a non-annealed 
surface showed a very high rate of oxidation. 
Further, more controlled experiments of the de- 
pendence of the adsorption on surface perfection 
are planned. 

The ability to thermally regenerate oxygenated 
clean surfaces of germanium at temperatures 
>500°C has been well established.“6—19) Partial 
regeneration has also been reported at 200°C 
and other measurements(16. 21. 22) of surface pro- 
perties have revealed effects which were reversed 
solely by prolonged pumping. It is very unlikely 
that one mechanism can be used to explain the 
restoration of clean surface properties over the 
temperature range of 25-600°C. The range from 
400 to 600°C has been partially investigated in our 
laboratory“?: 18) and by workers using crushed 
samples.(%) The powder work," however, was 
not definitive since (i) the nature of a surface sub- 
jected to repeated oxygenation and regeneration 
was assumed to be identical with that of the original 
crushed surface, and (ii) the analysis of the GeO 
film was subject to an error at least 20 per cent of 
the total oxygen involved. There is agreement 
amongst almost all investigators that the pre- 
dominant mechanism of regeneration at 500—-600°C 
is that of the evaporation of GeO from the surface. 
The thermal regeneration phenomenon has been 
investigated in a preliminary manner with the 
microbalance on the assumption that the observed 
weight loss on heating was due solely to the vapori- 
zation of GeO. This assumption appears valid 
since no significant pressure rises have been de- 
tected on heating as would be expected if oxygen, 
as such, was desorbed. On this basis it was found 
that ~12 per cent of the oxygen involved in the 
experiment could not be accounted for solely by 
the evaporation of GeO. The most reasonable 
mechanism, therefore, appears to be one involving 
the diffusion of oxygen into the bulk material. 
Such behavior has been observed for oxygen on 
both nickel and silicon surfaces, The diffusion into 
the sample in our experiment would have caused 
an increase in concentration of ~1 x 101? oxygen 
atoms/air?, Mass spectrometer experiments in this 
laboratory?) have shown oxygen solubilities in 
germanium of the order of 10!8 atoms/cm*. It 
would not be necessary, therefore, to postulate any 
unique property for germanium. On the basis of 
our preliminary investigation it is proposed that 
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the thermal restoration of clean germanium sur- 
faces at 500-600°C proceeds through the dual 
mechanism of the removal of oxygen from the sur- 
face as GeO and the diffusion of oxygen into the 
bulk germanium. 

The room temperature reversible effects are not 
easily understood, especially since those studying 
adsorption have reported desorption 
effects.(17- 19. 20) One possibility again, is the de- 
pendence of the quantity and mode of adsorption 
on the surface structure. More work in this area 
is obviously necessary. 


CONCLUSION 

From our discussion it appears that the main 
problem of adsorption investigators is still the pre- 
paration of atomically clean surfaces of known 
crystal orientation and degree of perfection. A de- 
tailed understanding of the nature of the inter- 
action of oxygen and germanium will not be 
obtained until this problem is solved. 
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THE MECHANISMS FOR SILICON OXIDATION IN 
STEAM AND OXYGEN* 


J. R. LIGENZA and W. G. SPITZER 
Bell Telephone Laboratories, Inc., Murray Hill, New Jersey 


Abstract—This investigation is a study of some of the mechanisms which are important in the 
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growth of SiOg films on high purity silicon surfaces. Films have been prepared by using O18 and 
O18 sources and their optical properties investigated by the use of infrared absorption measurements. 
Two of the fundamental infrared absorption bands show considerable isotopic shifts when films of 
SiO2g!® and SiO2!8 are compared. The SiOz films studied here, were prepared either by oxidizing 
silicon in oxygen at high temperature or by oxidation in high pressure steam at a somewhat lower 
temperature. Measurements of films prepared by successive isotopic oxidation show that in both the 
steam and oxygen cases considerable oxygen isotopic exchange has taken place which indicates that 
mobile oxygen species diffuse into the film from the silica-gas interface. In the steam oxidation, it 
is concluded that the mobile species is responsible for the growth of the film and the rate limiting 
step for the growth is at the silica—silicon interface. The results of the oxygen oxidation are not com- 
pletely understood and while oxygen exchange is also observed in this case, further work is necessary 


1. INTRODUCTION 
THERE has been considerable effort™) to under- 
stand the basic processes taking place during the 
growth of oxide films. The silicon—-oxygen system 
is of great importance in device technology and in 
particular, heavy oxide layers may be used for 
passivating silicon devices.@) The present study 
is an attempt to understand the mechanisms which 
play an important part in the growth of silica films. 
A number of amorphous SiOz films have been in- 
vestigated. These films were produced through 
oxidation of high purity silicon by reacting with 
oxygen or high pressure steam at elevated tem- 
peratures, Oxygen 16 and 18 isotopes were used in 
the preparation of the films. Two of the infrared 
absorption bands of vitreous silica which were 
made with O18 show pronounced isotopic shifts 
when compared with films made with O16, Several 
of the films used in this study were produced by 
oxidation in an atmosphere containing one type of 
oxygen isotope. The oxidation was then continued 
in an atmosphere containing the second isotope. 
The average isotopic oxygen concentration in the 


* This work was supported in part by the Department 
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to determine whether a diffusing oxygen species is responsible for the growth of the oxide film. 
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silica films was determined from measurements 
of the shift of the infrared absorption bands. The 
isotopic oxygen distribution was then obtained by 
measurements on films etched to different thick- 
nesses. 

The isotopic oxygen distribution furnishes some 
insight into the oxidation mechanism. For example, 
if the mechanism of oxide growth were by means 
of oxygen motion through the silica film, then all 
of the silica formed by using the second isotope 
would be at the silicon—oxide interface. Similarly, 
if a silicon ion, silicon ion vacancy or oxygen ion 
vacancy motion were predominant, then the con- 
centration of the second isotope would be greatest 
at the oxide-gas interface. When isotopic oxygen 
exchange takes place then the distribution of the 
second isotope in the original film as well as in the 
newly grown film may be determined. Evidence 
for oxygen exchange in SiOz has been previously 
reported in the literature.) 


2. METHOD OF ANALYSIS 
It is well known that silica possesses several 
strong absorption bands in the spectral region be- 
tween 5 y and 30 p.4) These bands are attributed 
to the fundamental vibrations of silica. Curve (1) 
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wavelength for a 3300 A silica specimen. This 
specimen was produced by the oxidation of a 
polished silicon wafer. The oxidation was carried 
out by using pure oxygen 16 at atmospheric 
pressure and 950°C. The silicon was stripped from 
the film by a chlorine gas etch procedure described 
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in Fig. 1 shows the transmission as a function of 
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1 gives the data for the silica specimen which was 
made by using the steam oxidation method. How- 
ever, in this case, the water which was used was 
90 per cent D2018. By comparing curve (2) to 
curves (1) and (3) it may be seen that two of the 
transmission minima in the O18 specimen have 
undergone appreciable isotopic shifts. The minima 
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Fic. 1. Infrared transmission of three different SiOe films where the silicon 
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has been removed. Film (1) was made by oxidizing silicon in oxygen 16. 
Films (2) and (3) were made by steam oxidations; (2) with D2O!8 and (3) with 


in Section 3(b). A preliminary analysis using 
classical dispersion theory) indicated that the 
optical constants, refractive index and extinction 
coefficient, which are obtained from this film, are 
compatible with those obtained from reflectivity 
measurements of bulk vitreous SiOg samples. 
Curve (3) in Fig. 1 shows the data for a sample 
produced by the oxidation of silicon in oxygen 
16 steam at 120 atm pressure and 650°C. A com- 
parison of curves (1) and (3) shows that the optical 
properties of the silica produced by the two 
different methods are the same. Curve (2) in Fig. 


H20!°. 


at 9-25 1 and 21-9, in the O18 specimens have 
shifted to 9-6 and 22-6, respectively, in the 
90 per cent O18 sample. A sample was also pre- 
pared by using water containing 50 per cent O16 
and 50 per cent O18, The data for the two absorp- 
tion bands are given in Fig. 2. The observed 
minima lie midway between those for a pure O16 
silica film and the expected position for a pure O18 
film. Since a thin (X<1 mm) silicon wafer is 
quite transparent in both these spectral regions, 
the results given here were obtained by measuring 
directly through the silicon as well as the silica 
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Fic. 2. Infrared transmission of a steam oxidized film 
where 50 per cent O!® and 50 per cent O!8 water was 
used. 


surface film. Fig. 3 shows plots of the oxygen 16 
concentration divided by the total oxygen con- 
centration versus wavelength of the transmission 
minima for each of the two absorption bands. As 
may be seen from this figure, the shift appears to 
be linear. It should be stressed that only the 
oxygen atoms which are chemically bonded to the 
silicon atoms are of importance in these measure- 
ments. Since we are measuring the fundamental 
resonance vibrations of the silica crystal, the 
oxygen concentration which does not participate 
in the formation of the SiOQzg crystal will not have 
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Fic. 3. A plot of the O!® concentration divided by the 
total O16+0!8 concentration as function of wave- 
length for the two adsorption bands. 
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any pronounced effect on the strength or wave- 
length of the fundamentals. The results of the 
above measurements indicate that it is quite 
possible to measure the relative isotopic oxygen 
abundances in a silica film with an accuracy of 
+10 per cent. 


3. METHODS AND MATERIALS 

The infrared measurements were made with a 
single beam, double pass prism spectrometer. A 
sodium chloride prism was used to cover the 
wavelength region between 6 and 15 and a 
cesium bromide prism was used for wavelengths 
greater than 15 y. The silicon samples used in these 
experiments were cut from floating zone, oxygen- 
free, high purity (resistivity ~ 100 Q cm) ingots. 
The specimens were 1 cm x 0-4 cm x 0-05 cm and 
the large area surfaces were optically polished. 
After oxidation, the sample was placed in the exit 
beam of the spectrometer and the transmissson 
measured by using the conventional sample in- 
sample out technique. The spectral half width of 
the beam at 9 pw is 0-05 pw and at 22 w is 0-1 p. 

In those experiments where the wavelength 
shift of a transmission minimum was measured for 
several oxide thicknesses, a comparison sample 
which was not treated with the second isotope was 
taken through the measurement as well as the 
treated sample. Then the shift could be obtained 
from a direct comparison of the two samples. This 
procedure was adopted since the wavelength of 
the transmission minima may depend on the thick- 
ness of the oxide.) 


(a) Oxidation methods 
The oxidation in steam‘8) was done in small 
metal bombs at 650°C and 120 atm of steam 
pressures. Before any oxidation, the silicon was 
boiled in concentrated nitric acid, boiled in dis- 
tilled water and then dried. Under these conditions 
the oxidation rate, to form the amorphous oxide, 
is independent of time, directly proportional to 
the steam pressure and has an activation energy of 
23 kcal/mole. The oxidation rates are strongly de- 
pendent on crystal orientation and for this reason 
oxidation rates are difficult to quote. The range of 
rates observed from randomly oriented silicon 
wafers is from 45 to 100 A/min. Most specimens 
average 75 A/min. 
Ordinary water used in these oxidations was 
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purified by passing through a deionizing column 
followed by a double distillation in an all quartz 
system. D2O18 water was obtained from the 
Isomet Corporation and was 90 per cent O18 and 
1-7 per cent O!’, This water was vacuum distilled 
3 times before use. 

The oxygen oxidation was done in an open tube 
furnace of the globar type. The oxidations were 
carried out under 1 atm of oxygen and at a tem- 
perature of 950°C. The oxidation rate (2) to pro- 
duce the amorphous SiOg, under these conditions, 
is inversely proportional to the oxide thickness and 
directly proportional to the 4/5 power of the 
oxygen pressure. These rates can be approximately 
described by the equation 


— 40,000 
RT |: 


X2 = 1000p |exp 


where X is the film thickness in A, ¢ is time in 
minutes, p is oxygen pressure in atmospheres and 
R and T have their usual meanings. This equation 
holds over a pressure range of a few millimeters to 
760 mm of Hg pressure and temperatures of 700- 
1100°C. The oxidation rate is only very slightly 
dependent on crystal orientation. 

Oxide film thicknesses were determined by 
weight measurements with a microbalance and by 
measurement of transmission interference fringes 
with the infrared spectrometer. These methods 
agreed to within 5 per cent of each other. 


(b) Silicon stripping and film etching 

In some cases, the silicon substrate was stripped 
from the oxide film by etching? in chlorine at 
800°C and at reduced pressures. The oxide is un- 
affected by the chlorine while the silicon is re- 
moved as volatile silicon chlorides. The etching 
geometry selected was such that the remaining 
silica window was supported by a frame of silicon. 

To find the average concentration of converted 
oxide through the film thickness it was necessary 
to etch away portions of the oxide film. This was 
done by using a 2-6 molar HF solution. The 
etching rate was 350 A/min at 27°C. 


4. EXPERIMENTAL RESULTS AND DISCUSSIONS 
(a) Steam oxidation 

Curve (1) in Fig. 4 shows the infrared data for a 
silica film which was produced in the following 
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Fic. 4. Curve (1) is for a sample oxidized in O18 steam to 

2000 A followed by a 1500 A steam O18 oxidation. 

Curve (2) is for a sample with a 2000 A steam O18 oxida- 
tion followed by a 2000 A O16 oxygen oxidation. 


manner. The silicon was oxidized in oxygen 16 
steam to a thickness of 2000 A. The oxidation was 
then continued in oxygen 18 steam until the total 
oxide thickness was 3500 A. Comparing curve (1) 
of Fig. 4 to the curves in Fig. 1 or to the plot in 
Fig. 3, we see that almost the entire 3500 A film is 
composed of SiO2!8. The film was then etched to 
2000 A, but the infrared absorption bands still 
showed the film to be almost completely SiO2!8. A 
similar specimen was made except that the order 
of the oxidations was reversed. A 3000 A oxygen 
18 oxidation was followed by a 2500 A oxygen 16 
oxidation. In this case, the entire 5500 A film is 
composed of Si02!6, 

It is apparent that the exposure of an SiOz film 
containing one oxygen isotope to steam containing 
the second isotope results not only in the growth 
of new oxide but also in the conversion of the 
already existing film via an oxygen exchange 
mechanism. The diffusing species responsible for 
the exchange cannot be just silicon ions (or atoms), 
silicon vacancies, or oxygen vacancies. In order to 
accomplish the exchange, the oxygen species must 
diffuse into the film from the silica—steam interface. 
Since almost equal thicknesses of film were grown 
and converted via exchange, the exchange rate must 
be at least comparable to the growth rate. At the 
present time no experiments have been done to 
identify the diffusing species. It must be pointed 
out that these results do not rule out the presence 
of other mobile defects in the film. 

In another experiment (Si-no.1), a 7700 A SiO2!6 
film was produced on each of two silicon speci- 
mens. One of the two specimens was then treated 
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Table 1. Outline of the procedures used in obtaining samples 1A through 1F 


Sample no. | Method of producing | Thickness (A) | Treatment | Thickness after treatment (A) 
1A | oxygen 16 steam 7700 
1B | oxygen 16 steam 7700 oxygen 18 | 7900 
| steam 
1C etch 1A 5500 
1D etch 1B 5500 
1E etch 1C 3600 


1F 


etch 1D 3600 


for 5 min in O18 steam at 650°C and 120 atm of 
pressure. Table 1 gives the sequence of treatments 
for Si-no.1; the infrared data are shown in a series 
of curves in Fig. 5. A comparison of the curves for 
samples 1A and 1B show a 30 per cent isotopic 
shift in the position of the minima. This shift, the 
result of a 5-min oxygen 18 steam treatment, in- 
creased the film thickness from 7700 A to only 
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Fic. 5. Transmission as a function of wavelength for 
samples 1A through 1F. The samples are described in 
Table 1. 


7900 A. Therefore, the observed shift must be due, 
almost completely, to the exchange process. A 
comparison of curves (1C) and (1D) and curves 
(1Z) and 1F) shows that the 30 per cent shift is a 
constant independent of film thickness. The fact 
that the exchange is constant with depth into the 
film implies that the concentration of diffusing 
species is uniform in the film for most of the 5 
min used for the second stage of the oxidation. It 
is also implied that 1/Dt2X. If the time is 
assumed to be ~ 5 min, the thickness X=7700 A, 
then the diffusion constant D will have a lower 
limit of ~2x 10-11 cm?/sec. A different sample 
was oxidized and treated in the same manner as 
given for Si-no.1 except that the order of the iso- 
topic oxidations was reversed. This sample 
yielded results which are identical with those given 
for Si-no.1. If the initial oxide film is grown by 
oxygen 16 oxidation and then treated by oxygen 
18 steam for 5 min, the same result is obtained 
once again. 

It appears probable that the actual oxidations as 
well as the rate limiting step for the oxidation takes 
place at the silicon—oxide interface. The 30 per cent 
exchange demonstrates that a high concentration 
of oxygen penetrates the film to the silicon—oxide 
interface and it, therefore, appears unlikely that 
silicon diffusion is at all necessary to explain the 
oxide growth. This is contrary to the results found 
in many other metal—-oxide systems where the 
metal ion (or its vacancy) migration is the control- 
ling mechanism for film growth.” 

In order to demonstrate that the silicon substrate 
has little or no effect on the exchange process, a 
12,000 A silica film was made by oxidizing silicon 
in oxygen 18 steam. The silicon was then removed 
by etching (see Section 3b) and the infrared trans- 
mission measurements were taken (see curve 1 in 
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Fig. 6). The sample was then treated for 5 min in 
oxygen 16 steam. A comparison of curve (2) in 
Fig. 6, which represents the measurements taken 
after the oxygen 16 treatment, with curve (1) in 
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Fic. 6. Curve (1) shows the transmission of a 12,000 A 

thick sample of SiO2!® where the silicon has been re- 

moved. Curve (2) shows the same sample after a 5 min 

exposure to O1® steam at 650°C and 120 atm pressure. 


the same figure shows a 30-35 per cent wavelength 
shift. This shift agrees with that observed for the 
sample of Fig. 5 where the silicon substrate was not 
removed. 


(b) Oxygen oxidation 

Curve (2) in Fig. 4 shows an example of almost 
complete conversion of an oxide layer where an 
oxygen oxidation was used. In this case, the initial 
oxygen 18 oxide layer of ~ 2000 A was made by 
using the steam process. The oxidation was then 
continued to ~ 4000 A in an atmosphere of oxygen 
16 at 950°C for 30 hr. As in the steam oxidation 
case, almost the entire film is composed of the iso- 
tope used in the second stage of oxidation. There- 
fore, the conclusions drawn from the first two 
steam oxidation experiments will also be true in 
the present case. 

A number of experiments were done to deter- 
mine the distribution of isotopic oxygen with film 
thickness, but results of these experiments are not 
well understood. The only certain conclusions to be 
drawn from these experiments are that the oxygen 
exchange rate at 950°C and 1 atm pressure is much 
slower than that with steam at 650°C and 120 atm, 
and that some type of oxygen species does diffuse 
through the oxide film during the oxidation. It is 
also true that in the oxygen oxidation, the rate for 


oxygen exchange and the rate for film growth are 
of similar magnitude. We do not observe any 
appreciable shift of the absorption bands except 
where there is significant oxidation. This behavior 
differs from that observed in the steam oxidation 
where large amounts of exchange were observed 
under conditions of very little film growth. In 
view of this difference and the difference in the 
growth rate dependence on film thickness, it is 
probable that the diffusing species for the two 
types of oxidation are not the same. The difference 
in the diffusing species is also indicated by the 
report that after treating water free silica in 
water vapor at elevated temperatures (600- 
1200°C), an infrared absorption band is observed 
near 2-7 « which has been attributed to the O-H 
stretching motion. It should also be pointed out 
that present experiments in the oxygen oxidation 
have not demonstrated whether or not the diffusing 
oxygen species are largely responsible for the 
growth of the oxide film. 
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RECENT work concerned with the semiconductor 
properties of single crystals of II-VI compounds 
has revealed several important surface effects. 
Zinc oxide has received by far the most attention, 
in part because its bulk properties are better 
known) and in part because its surface effects are 
often found to interfere with measurements of 
bulk properties. Therefore this work will be re- 
viewed first, and work on the related materials CdS 
and CdSe will be mentioned later. Finally some of 
the problems encountered in using such data to 
interpret phenomena in sintered and thin film 
material will be discussed. 

The surface charge and potential of a zinc 
oxide single crystal can be changed by chemical 
reaction with the environment, exposure to light 
in the near ultraviolet, application of a transverse 
electric field or bombarding with ions or electrons. 
The change in potential has been with respect to 
a bulk material which is n-type or near intrinsic, 
since material with significant p-type character 
has not been produced, nor have space charge 
layers with significant p-type character been pro- 
duced by the adsorption of negative ions. The 
effects are properly attributed to surface conditions 
because they can be observed at room temperature 
and below, where diffusion of atomic species into 
the bulk is negligible. Equilibrium, however, is 
generally not attained rapidly at temperatures 
below about 300°C. 

The surface chemical reaction between zinc 
oxide and its own atmosphere of zinc and oxygen 
is of fundamental importance in reaction systems 
involving zinc oxide. Analogous to treatments of 
imperfections in the bulk one might define intrinsic 
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surface imperfections such as zinc vacancies and 
excess zinc atoms, noting, however, that this would 
be an oversimplification unless one took into 
account the various types of occupied and un- 
occupied sites. Instead, without further definition, 
we will denote the density of surface acceptor atoms 
as [O(s)] indicating that they are oxygen atoms, 
and the density of surface donor atoms as [Zn(s)]. 
The equations for the evaporation of oxygen and 
zinc, are 


2 O(s)02(g) (1) 
Zn(s)zZn(g) (2) 


and since the product of zinc and the square root 
of the oxygen vapor pressure is a function of 
temperature only, one also has 


[O(s)[Zn(s)] = Ks (3) 


in which Kg is known. In the case of ZnO the 
oxygen to zinc pressure ratio can be changed 
through an extremely wide range. For example, 
at 300°C a pressure of oxygen of 1 atm implies an 
equilibrium pressure of zinc of about 10-4 atm. 

The surface atoms may be considered as mostly 
neutral, but with ionization occurring at some 
according to the reactions 


O(s)+e-O(s) Ka = (4) 


Zn(s)zzZn*(s)+e7 
Ks = [Zn*(s)] [e~]/[Zn(s)] (5) 


In non-equilibrium cases any one of the reactions 
(1), (2), (4) and (5) may be rate limiting, and more 
complicated situations are to be expected. 
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this system has been reported by THomas and 
LANDER”) for zinc pressures in the range from 1 
. to 10-8 mm of Hg and temperatures between 300° 
and 500°C and they are reproduced in Fig. 1. The 
saturation value of 2x 10-4Q-!\square corre- 
sponds to about 2 per cent of a monolayer of 
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Reversible data for the surface conductivity of 


and values for the energies of ionization species 
are not known. 

HEILAND®: 4) has reported that hydrogen pro- 
duces large and similar surface effects, but in that 
work the surface concentrations of hydrogen and 
excess zinc resulting from reduction of zinc oxide 
are not known. More generally it is believed that 
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Fic. 1. Conductivity of 0-001 in. crystal at various temperatures as a function 


positive charge compensated by electrons with 
average mobility taken equal to 100 cm?/V sec in 
a space charge layer beneath. Because the quantity 
adsorbed is not strongly dependent on zinc 
pressure the heat of adsorption of excess zinc must 
be high. Neglecting the degree of ionization of the 
excess zinc, an estimated value is about 10 kcal/mole 
for the concentration range explored. One hopes 
that further work with such tools as the field 
emission microscope, or slow electron diffraction 
would resolve the ambiguities in the model pre- 
sented above. 

Data for the temperature dependence of con- 
ductivity are given in Fig. 2 for a succession of 
“frozen-in” states. Similar results were obtained 
by evaporating minute quantities of zinc on to a 
crystal held in vacuum at room temperature. With 
increasing conductivity (increasing concentration 
of excess zinc) the slopes decrease and at the 
highest conductivities there is little temperature 
dependence in the range to liquid helium. This is 
presumably the result of overlapping donor orbitals. 
Because of the probable presence of traps at and 
near the surface the significance of the limiting 
slope at low concentrations has not been explained, 


of zinc relative pressure. 


strong reducing agents produce excess positive 
charge and strong oxidizing agents excess negative 
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Fic. 2. 0-0019in. diameter crystal conductivity as a 
function of temperature for different zinc coverages. 
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charge on zinc oxide surfaces, but chemical re- 
duction or oxidation need not take place. Thus 
Thomas finds that cesium evaporated onto ZnO 
at room temperature behaves much like zinc. 

Large increases in conductivity of zinc oxide 
can also be obtained by exposure to ultraviolet 
light.“ The results are dependent on ambient as 
well as on the intensity and frequency of the light. 
Since it was found that an increased conductivity 
produced in a crystal in vacuum at room tempera- 
ture in this way is permanent, but could be re- 
versed by exposure to oxygen, COLLINS and 
Tuomas) concluded that light results in a de- 
sorption of lattice oxygen atoms, a process which 
may properly be called photolysis. Changes in 
conductivity due to trapping processes unaccom- 
panied by oxygen desorption are also possible and 
in particular it was observed that after a change in 
conductivity produced at liquid nitrogen tempera- 
ture the initial state was regained at about — 150°C 
by warming the crystal in the dark. Presumably 
the oxygen does not desorb at very low tempera- 
tures. Data obtained by KRUSEMEYER‘S) show that 
the efficiency of the process (the number of surface 
charges produced per absorbed photon) is near 
unity when the surface is far from saturation, and 
with sufficiently intense light saturation values of 
conductivity correspond to about 1 per cent of a 
monolayer of charge. Rates of change of conduc- 
tivity, which are a function of the ambient, were 
also reported. Furthermore, surface photocon- 
ductivity can be produced by light with a frequency 
in the exciton range‘) (about 3-3 eV in zinc oxide). 
Earlier work on photoconductivity in thin films 
and sintered samples has been reviewed by 
HEILAND et al, 

Field effect data as a function of surface con- 
ductivity have been obtained at 70°K_ by 
HEILAND®) and as a function of contact potential 
and surface conductivity at room temperature by 
KRUSEMEYER®), who observed a range of contact 
potential from about —0-1 V to about + 0-5 V with 
respect to the bulk potential (Fig. 3). In this range 
field effect mobility of different crystals varied 
from about 1 to about 100 cm2/V sec, and it was 
concluded from the nature of the variation of 
conductivity with contact potential that the low 
values were caused by surface states rather than 
by screening of the field by ions in the space 
charge region. Application of the electric field to 
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crystals in vacuum produced slow changes in sur- 
face potential. KRUSEMEYER also reported a quanti- 
tative treatment of the hole-trapping process 
which is in good agreement with the experimental 
results. 

TAKAISHI), and KRUSEMEYER and THomas(0) 
have analyzed the equilibrium adsorption and 
charge transfer process at semiconductor sur- 
faces (represented for ZnO by equations 1 to 5) as a 
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Fic. 3. Field effect mobility versus surface potential. 


function of partial pressure and composition of 
reacting vapor, and GarrRETT has extended this 
type of analysis to a treatment of the absolute rates 
of catalytic reactions involving charge transfer in 
semiconductors. 1!) 

Dewa.p"?) has measured the capacitance of 
single crystal zinc oxide electrodes in contact with 
aqueous electrolytes. He observed no surface- 
state effects over a wide range of bias (about 2 V) 
and bulk electron density (10!4-10!9 electrons/ 
cm), Variable surface dipoles and effects of low- 
lying donors (e.g. boron at 0-3 eV) were observed. 

Work on surface effects in CdO and ZnS single 
crystals has not been reported but effects have 
been observed in the photoconductivity response 
of CdS and CdSe single crystals. Buse“*) has 
reported a study of the “‘photostimulated, tem- 
perature dependent, reversible sorption of oxygen” 
resulting from treatment of (n-type) CdSe crystals 
at 300°C for 3 hr in vacuum which apparently left 
excess cadmium near the surface (a result similar 
to the A and B type surface effects in zinc oxide 
reported by HetLanp”)). Subsequently con- 
ductivity was observed to decrease by as much as 
5 orders of magnitude with exposure to oxygen at 
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lower temperatures and this was accompanied by 
an increased sensitivity of photoresponse (Fig. 4). 
Similar effects were observed by BuBe4) in work 
with CdS single crystals. As a matter of practical 
technology one notes that there is a variable 
fraction of photoconductive response in these 
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PHOTOCURRENT, 


LIGHT INTENSITY 


Fic. 4. Variation of photocurrent (for 1-5 V) as a function 

of light intensity at 75°C for crystal in (1) low-conduc- 

tivity state, and (2) high-conductivity state. Light in- 
tensity of 100 corresponds to 900 ft-cd. 


materials which depends on the state of the surface 
and which can be altered by temperature, atmo- 
sphere, incident light and electric field. 

In summary, study of the surface properties of 
single crystals of II-VI semiconducting com- 
pounds exhibits large effects due to non-stoichio- 
metry. Thus, in comparison with group IV 
elements, a more complex intrinsic chemistry 
must be taken into account. However, one does 
not have to worry so much about surface oxide 
films, at least on oxides. The relation between 
contact potential and conductivity appears to be 
better understood, and some surface trapping and 
recombination effects observed are very different 
(in zinc oxide recombination effects appear to be 
negligible). Many experimental techniques and 
much of the theory developed in work on ger- 
manium and silicon is readily adaptable to these 
materials, but, even in the case of zinc oxide, much 
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remains to be done. Thus one might consider use 
of low voltage electron diffraction and the field 
emission microscope to obtain improved models 
of surface structure, analysis of combined measure- 
ments of surface conductivity, Hall coefficient and 
magnetoresistance as developed by ZEMEL and 
PETRITZ with germanium, 5) the surface p.e.m. 
effect, infrared absorption and conductivity, space 
charge effects on drift mobility as developed by 
Harrick6) (but not with zinc oxide where the 
hole life-time is presumably too short), electron 
spin resonance and extensive studies of chemical 
reactions at surfaces, 

The remainder of this review will be concerned 
briefly with properties of II-VI compounds in 
sintered or thin film form. These have practical 
application in catalysis, photodevices, luminescence, 
thermionic emission and transistor-like devices. 
The importance of surface properties is much 
greater in such material and space charge effects 
at intergranular boundaries or across individual 
grains may dominate the semiconducting proper- 
ties. Hutson?) has reviewed the problem of 
interpreting the results of experiments. In general, 
detailed knowledge of the bulk and surface 
chemical and physical properties as well as the 
granular geometry is required in order to arrive 
at quantitative predictions. However, some pro- 
perties may be dominated by surface effects 
through a wide range of grain size. SorRows 18) 
has reviewed work on thin films of lead sulfide 
and reported results of a study in which field effect 
and photoresponse were observed to have identical 
time constants. Thus the rate of transfer of charge 
into majority carrier traps (presumably at the 
surface) was the rate limiting process for both 
effects, and the density of charge of the traps de- 
termined the photoconductivity. The variation of 
photoresponse was correlated with trap density 
which could be changed by oxygen treatment. 
Further work will be reported by ZEMEL and 
VARELA9), 

A note of caution should be raised regarding the 
interpretation of data for material in sintered or 
thin film form. In some work it is likely that a 
simple model of the surface and intergranular 
regions may not be appropriate because of the 
precipitation during cooling of one or more in- 
soluble phases. For example, several studies have 
been reported of the semiconducting and catalytic 
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properties of zinc oxide containing various con- 
centrations in the range from 0-1 to 2 mol% of 
impurities such as lithium on one hand and indium 
or gallium on the other which respectively reduce 
and enhance conductivity.“: 29) In one such study 
by RupoLpH®!) p-type conductivity was reported 
for a material doped with 2 per cent lithium.@) 
However, it is known that although lithium and 
indium oxide are moderately soluble in zinc oxide 
at high temperatures, insoluble compounds tend 
to precipitate on cooling. Thus THomas®?) found 
that the solubility of indium in zinc oxide ranges 
from 3x1019 atom/cm® at 1300°C to about 
1 x 1017 at 800°C and he has studied the precipita- 
tion on dislocations at lower temperatures in single 
crystals. The precipitated phase was not identified 
but it is known that at least three phases exist in 
the ZnO-IngQOg system. Similar results have been 
obtained with lithium,(?3) which, however, has a 
somewhat higher solubility, but diffuses at a lower 
temperature. 

Piper and WILL1AMs(4) review the properties of 
sintered electroluminescent materials (ZnS dom- 
inates the field) and the basic mechanisms of 
electroluminescence. The acceleration of conduc- 
tion electrons to optical energies in regions of high 
field is the excitation process, These regions occur 
at grain boundaries and, similar to surface regions, 
their properties are no doubt sensitive to grain 
boundary composition, which may be readily 
affected by the ambient at moderate temperatures. 

Finally, it should be noted that surface effects 
may dominate the behavior of sintered material 
and thin films even at high temperatures. DEREN 
et al.5) have discussed the temperature depend- 
ence of conductivity of zinc oxide in the range to 
700°C in terms of the equilibria for oxygen 
chemisorption. The range in which reversible 
effects are observed is a function of sintering 
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temperature and ends at about 400°C for material 
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sintered below 1000°C. They conclude that con- 
ductivity in material sintered at temperatures 
much higher than 1000°C is determined by bulk 
properties. 
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SURFACE PROPERTIES OF PbS PHOTOCONDUCTORS 


J. N. ZEMEL and J. O. VARELA 
U.S. Naval Ordnance Laboratory, White Oak, Silver Spring, Maryland 


Abstract—A study of the field effect trapping time constant as a function of temperature has been 


carried out on a series of lead sulphide photodetectors. The results show that the density of field 
effect traps (or surface traps) does not vary appreciably but that the carrier concentration increases 
as the sensitivity of the films decreases. The mobilities obtained from the high frequency field effect 
measurement agree quite well with Hall data on similar films. The rate of capture of the holes (the 
majority carriers) was relatively independent of the films whereas the rate of emission of holes from 
the surface levels increased with increasing sensitivity. A simple Shockley—Read model does not 
explain the various phenomena adequately. However, the general picture of majority carrier photo- 


INTRODUCTION 

Tun films of semiconductors have a unique 
advantage when surface properties are studied. 
The surface area to bulk volume ratio can be made 
sufficiently large so that bulk effects are minimal 
if not non-existent. While this aspect is advanta- 
geous, the problem of preparation is quite difficult. 
The lack of uniformity in evaporated films is well 
known to workers in the field and the sensitivity to 
ambients is critical for certain electrical properties. 
In recent years, thin films have been grown in a 
more or less reproducible fashion by epitaxial 
growth and chemical deposition. The former 
method is used when single crystals are desired; 
while the latter is used when economical pro- 
duction methods are important. An excellent 
example of chemically deposited films is the PbS 
photodetector. 

PbS is one of the “older” semiconductors in 
that its non-metallic behavior has been known for 
years. Its greatest use recently has been as a 
detector of infrared radiation. The mechanism 
responsible for its sensitivity to radiation has been 
a subject of intensive study and almost equally in- 
tensive controversy.“-%) However, our interest in 
this material is due to the fact that films of par- 
ticular properties can be prepared at will and that 
the surface appears to dominate the film properties. 
The experiments suggest that many of the apparent 
irregularities in time constant, resistance, etc., are 
due to changes in trap densities. 


conductivity is substantiated by these measurements. 
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A brief history of lead salt photoconductivity is 
pertinent in that it shows the strong dependence 
of film properties on surface treatment. Prior to 
the development of chemically deposited films, the 
lead salt films were evaporated on a glass substrate 
and then exposed to small doses of gaseous oxygen 
until maximum photosensitivity was obtained.) 
Humpurey and ScaNnton®) and others showed 
conclusively that only oxygen would induce 
photosensitivity in PbSe. In these experiments, 
electron accepting elements such as the halogens 
and sulfur changed the Fermi level quite drastic- 
ally, driving the originally n-type films to p-type. 
However, only oxygen produced both a change in 
resistance and photoconductivity life time. This 
implied that only oxygen introduced a state which 
could produce photoconductivity. The implication 
of oxygen as the sensitizing element was sufficiently 
well established that Perrirz et al.“ could turn 
to the mechanism of photoconductivity. They 
argued that only surface traps could account for 
the estimated trap density assuming crystallite 
sizes reported in the literature. ZEMEL) showed 
the presence of “slow” surface states on these 
films. Sorrows'§) then showed conclusively the 
presence of “‘fast’’ surface states on PbS. The 
significant fact was the demonstration that the 
field effect trapping time constant and the photo- 
conductive time constant were equal over a wide 
range of film conditions and d.c. light bias. This 
result implied that the photoconductive process 
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was limited by the trapping of holes as required by 
Petritz et al. theory.) The recombination of 
holes at this site is suggested by the work of 
PETRITZ and LuMMis®) on generation-recombina- 
tion noise. 

In this paper, essentially the same measurements 
done by Sorrows'®) are performed. The aim is to 
elucidate the trapping mechanism by means of 
the temperature dependence of the time constants. 
A Shockley—Read process9) is invoked to account 
for the trapping, with moderate success. 


EXPERIMENTAL METHODS 
Sorrows'§) has given a detailed account of the 
experimental scheme. We shall only indicate it 
schematically. The circuit is shown in Fig. 1, An 


o FIELO EFFECT PLATE 


Vy, FREQ f CPS Viw), FREQ=(fb)CPS 


(FREG=bCPS) 

Fic. 1. Beat frequency bridge arrangement for measur- 

ing field and photo effects. 


a.c. bridge, consisting of a variable resistor, PbS 
film and the balanced output windings of an audio 
oscillator, is balanced at a frequency b. A field 
effect voltage of frequency f is applied to the 
capacitor plate and the magnitude of the induced 
resistance change is measured as a voltage, V (f+) 
on the wave analyzer as a function of f. This has 
the desirable effect of virtually eliminating from 
the field effect measurement the dependence on 
the resistance of the films. Drifts will not cause 
difficulties and the a.c. current will minimize 
polarization of the film. A typical run is shown in 
Fig. 2 including a correction for the loading of 
the external circuit on the film. 

A series of seven films was studied whose time 
constants and photoresponses at room temperature 
varied by a factor of 6. The films were maintained 
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in a dry nitrogen ambient throughout the measure- 
ments and were stored under nitrogen in a vacuum 
dessicator. For measurements, the samples were 
placed in a sealed container under a dry nitrogen 
atmosphere. The physical arrangement is shown in 
Fig. 3. A d.c. light bias was provided by a 6-V 
lamp in a separate attached chamber. Photocon- 
ductive time constants could be measured using 
the experimental apparatus and modulating the 
resistance with a neon bulb driven by a Tektronix 
105 square wave generator. 

The light bias provided by the lamp operated 
from a well filtered d.c. constant voltage source. 
Changes in conductance of up to 100 per cent were 
made and the time constants were examined for 
various background illuminations. 

The temperature dependent measurements were 
carried out over a range from —45°C to +45°C. 
The temperatures were stabilized by immersing 
the container in constant temperature baths. At 
temperatures above 15°C a bath with a stability 
of better than + 0-005°C was used. Below 15°C, a 
special refrigerator was used which had a stability 
of +0-25°C. Reproducibility of the time constants 
was usually of the order of 10 per cent. 

The field effect voltage induces a charge 
Qo exp(iwt) into the film where w = 2nf. The free 
charge changes the sheet conductivity, Ac, of the 
film so that 

Ac = (s—«9)d = |Ao| exp (tt) 

= |Aplqu* exp (1) 
where o is the instantaneous conductivity of the 
film, oo the zero field conductivity, d is the film 
thickness, |Ap| is the maximum induced charge 
and y* is the mobility of carriers in the film. One 
can easily show that the change in film resistance 

R is 
AR = — (2) 

L 

where W and L are the width and length of the 
capacitor plate, respectively. The change in voltage 
across the sample is due to the mixing of the bridge 


current 79 exp(iwot) and the field induced resistance 
change. Therefore 


W 
Var = igR?|Ao| exp [i(w + w»)t] (3) 
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The bridge bias voltage, V», is 2i9R since the cell 

resistance is the limiting resistance in the circuit. 
Due to the capacitive and resistive loading of 

the cell, a correction factor is used as described by 


frequency generator in series with the film and 
measuring the output voltage with the wave 
analyzer at frequencies f+. The ratio of the out- 
put Veomp(f+ 4) to Vp is L(w). Using this definition 
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Sorrows'®), The measured r.m.s. signal on the 
wave analyzer is then 
WV,L(w)R 

Vwa= 
where equation (1) is used for | Ac]. The correction 
for the circuit loading of the film, L(e), is ob- 
tained by inserting a constant voltage, variable 
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Fic. 3. Diagrammatic arrangement of PbS film, field 
effect electrode and light sources in container. 
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Fic. 2. Beat frequency voltage and photo response versus frequency for 
film 118-8 at 21°C in a dry nitrogen ambient. 
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of L(w) we find 


W Veomp(f+)R 
L 2/2 


WA = |Ap|u*q (5) 


The excess free carriers can be calculated from a 
rate equation so that 
[(1— a+ w27?)? + 


1+ 


= Qof(«,«,7) (6) 
where 7 is the field effect time constant and « is the 
fraction of induced charge trapped in surface 
states at frequency w < 1/7. 

Introducing equation (6) into equation (5) leads 


q\Ap| 


0 


to 
W Veomp(f+5)R 
Vwa = Qou*f(w,7,%) (7) 


This, in fact, is the form found for the experimental 
data. 
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At sufficiently high frequencies, i.e. @ >1/277, 
(«,@,7)->1. Then the mobility is simply obtained 
from equation (7). Once the mobility is known, 
the carrier concentration and trap density can be 
obtained. 

One makes use of two auxiliary definitions to 
define the rate of hole capture to and hole emission 
from the surface states. They are: 712 = 7/«, time 
of capture; 721 = 7/(1—«), time of emission. Our 
interest will center on 712 and 79. 


EXPERIMENTAL RESULTS 
In Table 1, the room temperature characteristics 
of the cells studied are listed. In Figs. 4 and 5 the 
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Fic. 4. 1/712 vs. reciprocal absolute temperature for 
various representative films. 


dependence of 1/712 and 1/72; on reciprocal tem- 
perature is shown. The data strongly suggest an 
exponential behavior of the type 


~ exp (— AEF }2/KT) 


712 


~ exp 
T21 


The values of AEj2 and AEF») are listed in Table 2. 
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The values of AF}2 were quite close to AF) for the 
more sensitive films. As the carrier concentration 
increased, AK>; remained substantially constant 
up to a carrier concentration of approximately 
1018/cm?. Above that, AF; appears to decrease 
somewhat from its previous value of 0-23 eV. 
Similarly, there appears to be a decrease in AF} 
for the least sensitive films. The AFj2 for 118-18 
appears to be anomalously low. The intercepts of 
1/721 at 1/T = 0 appear to increase with increasing 
carrier concentration whereas 1/719 is quite insensi- 
tive to variations in carrier density. The explana- 
tion of this behavior will be central to any 
theoretical explanation. 
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Fic. 5. 1/721 vs. reciprocal absolute temperature. 


As will be shown in the next section, the density 
of occupied surface states is 


Ns = 


pa (8) 


where pd is the product of the carrier concentration 
and the cell thickness. pd is proportional to 1/R. 
In Fig. 6, (1—«)/« is plotted against conductance 
for one film where R has been modulated with a 
d.c. light bias. As can be seen there is a 
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Table 1. Room temperature (21°C) characteristics of PbS films 


Resistance | Time con- | p* 
Cell (x10-3 Q) | stant (x 10+6 | (cm2/V sec) | pX10-45/em3) dx104cm 
sec) | | 
117-20 63 133 | 0-336 | 74 0-8+0-2 
118-18 76 265 0-200 | 3-1 74 0:0+0-2 
117-14 100 194 0-324 5-0 37 0-8+0-2 
117-9 242 270 0-447 6:2 13 0-8+0-2 
118-8 371 312 0-597 9-0 5-4 0-8+0-2 
118-3 866 350 0-845 5-6 4-0 0-8+0°2 
117-2 884 362 0:775 5-3 4-0 0-8+0-2 
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Fic. 6. (1—«x)/x as a function of conductance. Films at 
temperatures of 29-9°C, 39-4°C and 49-4°C were illum- 
inated with a background d.c. light. 


substantially linear relationship between 1/R and 
(1—«)/« with the slopes tending to decrease with 
temperature. In Fig. 7, it is seen that .* in no way 
depends on the amount of illumination. This is 
still further proof that the barrier modulation 
hypothesis is incorrect for these films.) 

The conductance 1/R = Go of the film is plotted 
as a function of reciprocal temperature in Fig. 8. 
The resistance was quite stable and reproducible 
in the less photosensitive cells. As the photo- 
sensitivity increases, the tendency to drift similarly 
increases. 


CONDUCTANCE xI0° 


Fic. 7. Film mobility vs. film conductance for various 
levels of d.c. light illumination. 


As found by Sorrows’), the field effect and 
photo time constants were equal within experi- 
mental error. At high frequency the shape of the 
frequency vs. photoresponse curve deviated from 
the 1/4/(1+?7?) law. This can be attributed to 
the d.c. component of the pulsed light source 
which develops as w7 >1. This can best be seen 
diagramatically in Fig. 9. To understand the 
trapping and recombination processes occurring 
at the surface, it is necessary to establish the 
height of the surface barrier. The following evi- 
dence is a strong indication that the bands are flat, 
i.e. the surface potential is zero. One set of films 
prepared for this work was coated by the manu- 
facturer with a plastic film. Another set made under 
identical conditions was left uncoated. The films 
were exposed to the laboratory atmosphere for a 
period of two years. The lifetime of the coated 
films was quite reproducible over this period of 
time whereas the lifetime of the uncoated films 
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changed. The field effect lifetime became signifi- 
cantly smaller than the photoeffect lifetime. This 
result implies that the photoeffect ‘“‘sees’’ the 
trapping of carriers on all sides of the crystallite 
while the field effect ‘“‘sees”’ only the traps opposite 
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Fic. 8. Conductance vs. reciprocal absolute temperature. 


the field plate. It is reasonable to assume that for 
sufficiently large values of the surface potential, 
the lifetime of surface carriers will drop by 
analogy with the surface recombination velocity. 
When the time constants are equal, we can then 
conclude that the bands at the surface are essen- 
tially flat. 

A cursory study of ambients showed that the 
effect of water vapor on the resistance and the 
probability of capture (1/712) was quite pronounced. 
At sufficiently high water vapor pressures, some 


(a) (b) (c) 


Fic. 9. Photoresponse as a function of time for various 
wt values. 
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remarkable non-linear effects were observed along 
with an enormous rise in noise. No detailed studies 
were made of this phenomenon, although similar 
effects were observed when slow state studies had 
been carried out.(?) These water vapor effects were 
most pronounced when oxygen was present. 

On two films of another series some ambient 
studies were carried out.“3) The results of mild 
changes of ambients (dry Ng and Oz, wet No and 
Oz) indicated that the field effect was sensitive to 
ambient change in PbS but not to the same extent 
that one would find for Ge or Si. 


SINGLE TRAP MODEL OF PbS FILMS 
Following SHocKLEY and ReaD @®, one may 
write for the capture and emission rates 


U(capture) = gNf ApCp/d (9a) 


U(emission) = gpiCpApr (9b) 


where Nj, is the density of empty surface states, 
d is the sample thickness, Cy is the capture proba- 
bility for holes times the thermal velocity, Ap and 
Ap: are excess free and trapped holes respectively 
and pj; is the number of holes if the Fermi level is 
at the energy of the trap. 


Ucapt 1 ‘ 
= — = (10) 
Ap 712 
1 
= — = = prCy (11) 
Apt 721 


and Nis = («/1—«) pd is the density of occupied 
surface levels. 


DISCUSSION 
In Table 2 various observed and derived quan- 
tities are tabulated for the films. There are a num- 
ber of conclusions which can be drawn from the 
data in Table 2 and the other experimental data. 
We will treat these in turn. 


Carrier concentration 

Examination of the p vs. T curves, Fig. 10, 
indicates that the sensitive films had lower carrier 
densities and the statistics were essentially Max- 
wellian in behavior. As the sensitivity (and re- 
sistance) of the films dropped, the carrier concen- 
tration increased and the temperature dependence 
of the carrier concentration indicates some 
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Table 2. Energy parameters in electron volts 


Cell Ep E\2 
117-20 — 0-039 | 0-124 
118-18 0-038 0-039 0-124 
117-14 0-054 0-041 0-156 
117-9 0-061 0-047 0-219 
118-8 0-057 0-094 0-241 


118-3 0-054 0-113 0-241 
7 0-054 


degeneracy in the statistics. The least sensitive films 
show the most degenerate behavior. The activation 
energies vary from 0-10 eV to 0-05 eV. 


\/7, 


Fic. 10. Carrier concentration vs. reciprocal absolute 
temperature. 


Trap densities 
As the carrier concentration rises, the trap den- 


sity also rises but not until near degenerate be- 
havior is observed as shown in Fig. 11. In some 
cases there appears to be a temperature dependence 
of the number of occupied traps. However, the 
data on this point are open to the greatest amount 
of error. 
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Fic. 11. Density of filled surface traps vs. reciprocal 
absolute temperature. 


Mobilities 

The mobilities of holes in the films as a function 
of temperature suggest an activation energy of 
0-05 eV. The data are shown in Fig. 12. This 
gives rise to a serious problem. The deBroglie 
wavelength of the holes in PbS is of the order of 
100 A. Assuming an image potential model for the 
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Film mobility vs. reciprocal absolute 
temperature. 
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barrier between the crystallites, one finds that the 
barrier height is related to the thickness. From 
this one can show that the barriers are at most a 
few angstroms thick. The image potential approach 
is not valid at such small distances but assuming 
some kind of shorter range interaction, one 
obtains a value for the thickness of the barrier 
which is considerably less than the deBroglie wave- 
length of the holes. A detailed explanation of the 
mobility of thin films in general remains to be 
given. 


Trapping cross sections 

The capture cross section can be estimated 
roughly by using equation (10). The traps of film 
117-9 are almost at the Fermi energy (hence the 
almost flat curve). Therefore, Inserting 
the values of 1/712, Nts and d, one finds that 


Cp = x 10-14 cm3/sec 
a similar estimate of Cy for 118-18 yields 
Cp = x cm3/sec 


The velocities are of the order of 106-10? cm/sec 
which leads to a cross section, op, of 10-2! cm?. A 
quick examination of the temperature dependence 
of the various terms, i.e. Nzs, exp(€z— €s)/RT and d 
quickly established that most of the tempera- 
ture dependence of 712 and 721 would be due to the 
capture cross section in this model. 

The very small magnitude and large temperature 
dependence of the cross section is rather surprising. 
A similar situation occurs with nickel centers in 
Ge where very small cross sections have been 
observed. OxapDa(!2) has explained this by using 
a two-level system. Since the photoconductive 
studies on the lead salts strongly associate oxygen 
with the occurrence of photosensitivity, and since 
a complex molecule of oxygen, lead and sulfur 
might be expected to have more than one level in 
the gap, it is quite possible that a detailed analysis 
such as the one OKADA used might reveal the 
energy structure of the trapping center. 


Minority carriers 

While the field effect and photoconductivity in 
these films give abundant information on the 
majority carrier phenomena, the situation with 
respect to the minority carriers, i.e. electrons, is 
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just the reverse. Virtually nothing is known about 
these carrriers at present. From measurements of 
the generation—recombination noise in PbS,“ we 
know that recombination occurs at the same 
centers responsible for both photoconductivity and 
field effect trapping. Thus any minority carrier 
effects must be much slower than the majority 
carrier phenomena. Before a complete model of 
photoconductivity in PbS can be elucidated, more 
information will be needed here. 


CONCLUSIONS 

The equality of the field effect and photocon- 
ductive time constants over a wide range of tem- 
peratures and film characteristics confirms the 
results of Sorrows. On the basis of a simple 
Shockley—Read trapping model a number of para- 
meters can be deduced such as trap densities and 
cross sections. While there is a great deal of con- 
sistency in the data, there are difficulties connected 
with understanding the mobility of the carriers, 
the role of the minority carriers and the apparent 
temperature dependence of the cross sections. 
However, thin films of PbS appear to be exception- 
ally well suited for surface studies of induced sur- 
face states. 
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SURFACE SENSITIVITY OF RECTIFICATION 


V. G. BHIDE 


Physics Department, Institute of Science, Bombay, India 


Abstract—The diffusion coefficient of sulphur into PbS, FeSe2 and other sulphide semiconductors 
has been studied as a function of temperature by employing the etching and light profile microscope 
techniques. The penetration of sulphur into an n-type crystal brings about various changes in the 
electrical parameters of the sample. It is possible to obtain by controlled treatment layers, with the re- 
quisite carrier concentration for the study of photovoltaic effect and transistor action. It has been 
possible to observe in PbS photovoltaic effect and transistor action with current gain equal to 0-83 
and voltage gain of about 4. 

With treatment of natural and artificial n-type crystals, a definite improvement in rectifying 
characteristics has been observed. The slope « of the semilog plot of such treated samples is nearly 
40 V-! at room temperature as expected by the theory. The slope « is usually found to depend on ¢ 
which in turn varies from point to point on the crystal surface and from layer to layer in the treated 
samples. This point-sensitivity as observed on the surfaces of a number of crystals is attributed to the 
crystal imperfections which terminate on the surface. Similar results have been observed employing 
a single crystal of germanium grown by Marconi Wireless and Co. This crystal surface (111) is seen 
to be covered with a mosaic structure, the figures being hexagonal in shape. These figures can be 


interpreted as a row or a lattice of dislocations as pointed out by Burgers. 
The effect of screw dislocations on the electrical properties has been investigated using SiC 
crystals. An interesting correlation of the effect of dislocation on the rectifying characteristics has 


been indicated. 


1. INTRODUCTION 

Ir is well known that if a crystal of a binary com- 
pound such as PbS is heated in the vapour of one 
of the constituent elements, the gaseous atoms of 
that element penetrate into the crystal lattice by 
diffusion and occupy vacant lattice sites or deposit 
into interstitial positions. REIMANN and 
SULLIVAN”) have reported that by heating PbS 
in sulphur vapour, diffusion of sulphur into the 
crystal could be affected. BREBRICK and SCANLON®) 
have further shown that at a given temperature the 
number of sulphur atoms that diffuse into the 
crystal falls off exponentially towards the interior. 
It is easy to see that a controlled treatment of n- 
type crystals in the atmosphere of sulphur vapour 
could create a p-n junction in the body of the 
crystal. 

The theories of rectification’®-”) at the semicon- 
ductor metal contact expect a slope « equal to e/kT 
or nearly 40 V1 at room temperature in the semi- 
log plot of i-w characteristics. Extensive analysis 
of germanium and silicon diodes by YEARIAN 8) 
and others give the value of « ranging from 5 to 35 


V-1, Although much work has been done on the 
diode and triode action in PbS®-1%) no attempt has 
so far been made to compare the observed charac- 
teristics with the theoretical model. It was of 
interest to study, therefore, the natural and treated 
samples especially because of the presence of the 
p-n junctions, both as regards rectification and 
transistor action. 


2. EXPERIMENTAL 


Natural and synthetic crystals which showed n- 
type conductivity were heated to about 500°C in 
an atmosphere of flowing HeS for various lengths 
of time. The crystals were then quenched. These 
treated samples showed p-type conductivity. 
Similar conversion of n-type material to p-type and 
vice-versa was first reported by EISsENMANN“4) and 
HINTENBURGER5), These workers were concerned 
with the bulk conversion and hence subjected 
their samples to severe sulphurization. We have 
on the other hand, treated the crystals for different 
durations leaving thereby a p—n junction in the 
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body of the crystal. The depth of the p—» junction 
thus formed was determined by etching the crystal 
and testing the sign of rectification, thermal e.m.f. 
at different depths. The depth of etchpits were 
determined by light profile microscopy.“® In this 
technique the field of view of the microscope is 
crossed by a dark profile line which is the image of 
an opaque line placed at the field iris and projected 
on the surface by an off-centre illumination. The 
profile gives the line contour of the specimen 
wherein changes in level are registered as lateral 
(Fig. 1) shifts in the profile. The depth of the p-n 
junction was found to be a linear function of time 
tending gradually towards saturation for a given 
rate of flow and crystal temperature. The points 
which made good rectifying contacts were in- 
vestigated. Whiskers of different material made from 
wires of 1-3mm and pointed by electrolytic 
etching were engaged to the crystal under optimum 
pressure, (17) 

To study the transistor action, the treated 
crystals were cleaned and the base was ground for 
embedding in Wood metal to establish a non- 
rectifying base contact. To determine the extent 
of sulphur penetration, the diode characteristics 
were displayed on the CRO. A sharpened phosphor 
bronze whisker was adjusted by a micromani- 
pulator to engage the crystal. Values of Rs were 
determined from the linear portion of the forward 
characteristic displayed on the CRO. The suc- 
cessive exposed layers formed by gently scraping 
the crystal with a sand paper were studied and the 
layer with appropriate carrier concentration was 
obtained for studying the transistor action. 

Photoeffects were observed by illuminating the 
point contact with a fine spot of light from a 3-W 
bulb, the light being focussed with a microsope 
objective. The short-circuited photocurrent on 
illumination was measured by a galvanometer of 
current sensitivity of 12 div/uA. The heating 
effects at the contacts were eliminated by illuminat- 
ing the point contact for a very short time. 

To study ig-v¢ characteristics with varying d.c. 
emitter current ie, reverse characteristics of the 
collector were observed on the CRO screen (Fig. 
2). Care was taken to see that the emitter—collector 
resistance was high. This was ascertained from the 
i-v characteristics between them displayed on the 
CRO. The transistor action data was obtained by 
the use of electronic voltmeter and milliammeter 
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of suitable ranges. From this data, the d.c. transis- 
tor characteristics were plotted. 


3. RESULTS 

The conductivity of natural n-type specimen was 
found to be of the order of 400 Q-! cm~! which 
suggests that the crystals are sufficiently impure 
to inhibit carrier injection. This is further borne 
out by the large reverse currents and poor diode 
characteristics. In the absence of such carrier in- 
jection, the spreading resistance R; and the 
barrier height 4 were determined by extrapolating 
the linear portion of (i-Va) curves in the easy flow 


35 mm 
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direction. The Rs; thus determined and its corre- 
sponding values obtained following G1Bson“?) are 
in good agreement. It is interesting to note that ¢ 
decreases on partial sulphurization. It, however, 
increases again on complete sulphurization. The 
slope « of the semilog plot [7—(Va—Rs)] for n- 
type material was about ten, a quarter of the 
theoretically expected value. Unlike the n-type 
specimen and also Ge and Si diodes, the partially 
converted samples yielded the theoretical value of 
« with nearly all the whiskers studied. The slope 
of the linear portion of the reverse semilog curve 
Be/kT (CourANT)) agrees fairly well with its cal- 
culated value from the forward characteristics 
(Table 1). It is also of some interest to note that 
the extrapolated zero voltage currents in the for- 
ward direction (9) and the saturating currents in 
the reverse direction (io)» are of the same order. 
The treated crystals could stand higher breakdown 
voltage and they exhibited stabler characteristics. 
These results showed that the partially converted 
crystals approximated to the theoretical model. 
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Table 1 
Crystal Whisker, T(°K) Slope S(T/e) | Rs(Q) | S(T/e) (io) f e/kT | B | 1—B (ia)o 
(V) (A) (HA) 
AiP Ni 306-4 35 0-91 | 161 0-18 2:1 | 1:8 0-045 0-95 — 
AiP Ni 311-0 32°8 0-85 | 125 0:25 0-11 | 2°54 0-066 0-93 0-2 
AiP Phos 311-0 35°7 0-93 352 0-18 0-29 0-98 0-025 | 0-98 0-35 


311-0 37-0 0-96 147 
AiP W 310-9 38-4 0-99 116 
AoP Ni 313-8 32-0 0-84 549 
AoP Ni 313-8 0-85 440 
Ww 313-7 0-98 448 
AoP 313-4 38-9 1-02 1300 


1:07. | 175 
1-01 
1-04 
1-04 


313-2 
312°6 
313-0 
313-8 


0-25 
0-09 


306-0 
306-0 


P = p-type; N = n-type. 


YEARIAN(!8) hasexplained the divergence between 
the observed and the theoretical values of « by 
suggesting that the contact covers a number of 
points with different values of ¢. This postulate 
does not lead to unique determination of ¢ and its 
distribution within the contact area. The data 
presented here indicates that if ¢ is less than 
()-25 V, the slope of (In -V) curves almost equals 
the theoretically expected value e/kT. Conversely, 
if d exceeds this value as for n-type and fully con- 
verted crystal surfaces, the slope is much less than 
e kT as is reported by several workers for Ge and 
Si diodes. A similar analysis of commercially 
available Ge diodes OA 70, OA 71, OA 74, OA75 
and freshly cleaved and treated samples of FeSe 
crystals has shown that « depends on ¢ and further 
if d is less, then x approaches the theoretically 
expected value e/kT (Table 2). It is also of interest 
to note that the slope (In -V’) for Ge and Si diodes 
changes rapidly from the theoretically expected 
value to much lower value after 0-2-0-3 V.08) By 
partially treating the crystal, it was possible to 
produce a p-n junction in the body of the crystal. 
The sulphur atoms, during treatment, diffuse into 
the lattice and cause conversion of n-type material to 
p-type. Thus, by controlling sulphur penetration, 
it would appear possible to obtain layers of varying 


0-19 0-31 0-95 0-025 | 0-98 | 0-45 
0:20 0-23 3-07 0-080 | 0-92 | 0-2 
0-22 | 0:50 | 2:88 0-075 | 0-93 | 0-50 
0-26 0-05 | 4-19 0-110 | 0-89 | 0-05 
0-19 0-11 1-99 0-052 | 0-95 0-20 
0-15 0-15 2°53 0-066 | 0-93 | 0-20 
| 
0-12 0-30 | 0-57 0-015 0-99 | 1-0 
0-25 | 0-001 / — — — | 0-15 
0-16 0146 | — — — | 0:30 
0-10 


resistivity and select a suitable layer with requisite 
carrier concentration for the study of photovoltaic 
effect and transistor action. 

On examining the section of the treated crystal 
with a probe, as explained earlier, the p-type 
characteristic could be detected down to a depth 
of 1/16 mm indicating the extent of penetration. 
The variation of Rs with depth from the upper- 
most treated surface is shown graphically in Fig. 3. 
As most of the contribution to Rs comes from the 


Table 2 
Tem- 
Crystal Volts Rs(V) a perature 
(°C) 
FeSe 
1W 0-24 403 30-0 28-0 
Il W 1-15 596 9-0-3-2 | 27-4 
III W 0-79 563 4-0 27:2 
Vw 0-40 351 19-0 27:2 
VI W 0-32 688 30-0 28-4 
Germanium 
OA 70 0-22 113-5 29-0 | 27:2 
OA71 0-23 173-0 27:0 | 27-2 
OA 74 0-21 126-0 33-0 | 26:8 
OA 74 0-17 | 27:2 


134-0 | 42-0 
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portion of the semiconductor close to the contact, 
variation of Rs can be taken as an indication of the 
relative magnitudes of the local resistivity on the 
assumption that the contact area is the same in 
every case. It would thus appear that the layers 
with higher resistivity, i.e. with smaller carrier 
concentration are situated below the outermost 
treated surface. This is in accordance with the 
observation of BREBRICK and ScANLON®) that the 
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Fic. 3. Variation of Rs with depth. 


number of sulphur atoms which diffuse into the 
crystal decreases exponentially with depth below 
the exposed surface and is dependent on tempera- 
ture, duration of treatment and pressure of vapour. 
Addition of sulphur to n-type PbS creates acceptors 
as is seen from the reversal of the type of con- 
ductivity. During heating, the outermost surface 
is constantly exposed to sulphur vapour. It is thus 
over compensated and the conductivity is high due 
to the large concentration of holes. ‘Towards the 
interior, the diffusion of sulphur decreases expo- 
nentially reducing the degree of compensation. 
The observed gradual increase in Rs towards the 
interior can thus be explained as due to reduced 
over-compensation and consequent smaller hole 
concentration. A layer where more or less perfect 
compensation has taken place is indicated by the 
highest values of Rs. The fall of Rs below such a 
layer is due to the contact passing over from p-type 
to n-type region, where the conductivity is high 
and is equal to that of the untreated specimen. The 
absence of photovoltaic effects and transistor action 
on HS treated galena surface after the heat treat- 
ment may be due to large hole concentration caused 
by over compensation of layers. The upper surface 
gave good p-type rectifying characteristics but did 
not show either photovoltaic effect or transistor 
action. On removing the surface layers by gently 
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scraping or by etching the crystal the short cir- 
cuited photo-currents could be detected. The 
maximum value of the observed photo-current was 
1-66 vA. With a bias of about 2-3 V in the reverse 
direction, the photocurrent increased by about 12 
per cent indicating the presence of carrier injection 
(these treated samples also showed the transistor 
action). The usual four transistor characteristics 
are shown in Fig. 4. The calculated parameters 


Te, mA 


Fic. 4. (a) Voltage gain curves (Rz = 1000 Q); 
(b) current gain curves; (c) transistor characteristics. 


are Ry = 106 Q; Roo = 900 Q; Rie a= 125 Q; Roy = 
750 Q and « = 0-83. It is to be noted that the 
values of the transistor parameters are an order 
smaller than the corresponding values reported 
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for good natural p-type crystals, though the magni- 
tude of current gain obtained in the present in- 
vestigation compares favourably with the values 
(0-33 to 0-9) reported by BANBurY et al.(19) 

During all this investigation it was found that 
the crystal surface exhibited spot sensitivity in 
respect of the values of «, Re and ¢. The observa- 
tions could be explained by taking into considera- 
tion the effect produced by trapped immobile 
electrons in the surface states together with the 
usual barrier at metal-semiconductor contact. In 
the region where the density of trapped electrons 
is high, strong repulsive field for approaching 
electrons can be assumed to be present and as a 
consequence, points situated in this region have a 
higher value of ¢. Assuming a certain transmission 
coefficient for the electrons that cross the barrier 
into the metal at the contact, the diffusion equation 
of Mort could be written as 


J = BnevF— De dn/dx 
which gives 
j = BnevF exp —Bed/kT (exp BeV/kT) and 
a = Be/kT 


On comparing the modified diffusion equation 
with the experimental results, 8 has been found to 
vary between 1 and 0-2. This point sensitivity is, 
at least in part, attributable to the crystal imper- 
fections which terminate on the crystal surfaces. 
This led to an investigation of the effects of dis- 
locations on rectifying properties of various crys- 
tals. A single crystal of germanium grown by 
Marconi Wireless and Co. was examined by phase 
contrast microscopy and its surface topography 
was studied with multiple beam interference 
techniques. The entire surface (111) is seen to be 
covered with a mosaic structure the figures being 
hexagonal in shape varying in size and also 
observed to be arranged in a row. 

The fringes of equal chromatic order have 
shown that the hexagonal figures are indeed de- 
pressions and can be interpreted as a row or lattice 
of dislocations as pointed out by Burgers. These 
germanium surfaces yielded a fairly low value of 
« indicating the existence of a large number of sur- 
face states. Indeed Shockley has shown that an 
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edge dislocation in germanium would mean one 
dangling bond for every germanium atom in the 
extra plane. These bonds are responsible for 
acceptor type behaviour. When dislocations are 
near screw orientation, it is probably a good 
approximation to consider the dislocation acceptors 
as uniformly distributed. As these sites accept 
electrons, the dislocation line gets charged and 
space charge region forms round the dislocations. 
The effect of such screw dislocations on the recti- 
fying properties of crystals has been investigated 
using SiC crystals. The crystal surfaces exhibit a 
variety of spiral markings originating essentially 
from screw dislocations. It is invariably observed 
that the value of « is lower at the point of emergence 
of the dislocations than elsewhere. Although a 
definite relation between the strength of the dis- 
location (determined by multiple beam interfer- 
ence techniques) and the corresponding lowering 
of « cannot at this stage be given, yet it appears 
that the higher the dislocation strength the lower 
is the value of «. 
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Abstract—Capacitance measurements made on single crystal zinc oxide electrodes in contact with 
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aqueous electrolytes are reported. Over a wide range of bias and bulk donor density, the results are 
in almost quantitative accord with predictions of the simple Poisson—Boltzmann (Poisson—Fermi 
in the degenerate case) equation. This is shown to imply the complete absence of surface-state effects 
in this system. A very sharp discontinuity in the flat-band potential is observed at bulk electron 
densities in the range from 0-6 x 1018 to 2 x 1018 donors/cm’. This and other effects, arising under 


1. INTRODUCTION 

THE modern era in the study of the semiconductor 
electrolyte interface dates back to BRATTAIN and 
GarreT?’s on the germanium electrode. 
Practically all of the studies since that time have 
been on germanium. This work is summarized in 
two recent review articles.2:-3) Although the 
qualitative understanding of the germanium elec- 
trode is fairly well advanced complications arise 
because of the chemical reactivity of the material. 
This leads, in aqueous solutions at least, to the 
presence of oxide films and in addition precludes 
study of the electrode under equilibrium 
conditions.* 

Zinc oxide was chosen for the present study 
because of its complete thermodynamic stability 
in contact with aqueous solutions of intermediate 
pH, and because next to germanium and silicon, 
its bulk properties (band structure, mobilities, 
impurity ionization energies, etc.) are the most 
thoroughly understood of all semiconductors. We 
will be concerned in the present paper with the 
distributions of charge and potential at the zinc 
oxide-electrolyte interface. 

Figure 1 shows a diagram of a typical semicon- 
ductor electrode in contact with an electrolyte. 
For specificity we take an n-type semiconductor 
under conditions of anodic bias (bands bending 


* See, for example, the work of BOHNENKAMP and 
ENGEL), 


varying surface treatments, are discussed in some detail. 
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up). The conventional energy-band diagram for 
the system is also shown in Fig. 1. In general, the 
Galvani (or inner) potential difference (jo) may 
distribute itself over three regions of the interface; 
(1) the space-charge layer in the semiconductor, 
(2) the one or two atom-diameter region of the 
Helmholtz layer, and (3) the diffuse Gouy layer 
in the electrolyte. Since the Gouy layer has been 
much investigated in studies of metal electrodes 
and is no different at a semiconductor electrode, 
we will restrict ourselves in both our experimental 
and theoretical treatments to conditions (namely 
high ionic concentration in the electrolyte) under 
which the potential drop across the Gouy layer is 
negligible. The potential drop across the space- 
charge layer in the semiconductor, ¢s, is called the 
surface potential by physicists. 

The nature of the charge and potential distribu- 
tions has been determined by measuring the differ- 
ential capacitance of the zinc oxide electrode as a 
function of bias. Using the nomenclature of Fig. 
1, the capacitance (C) of the electrode may be 


written 
(4Qs.c. dQs.s, dfs 
| dibs dibs 


where Q, Qs.c, and Qs.s, are, respectively, the total 
charge on the semiconductor, the charge in the 
space-charge layer and the charge in “surface 
states’. This corresponds to having a large 
( ~ 30 uf/cm?)®) capacitance Cy in series with two 
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capacitance is given by 


1 1 1 


CH Csc.tCss. 


(2) 


where Cs,¢, and Cs.s,, in effect capacitances of the 
space-charge layer and of the surface states, are 


others (Cs,c. and Cs,s.) in parallel and the total 


A number of special cases of equation (3) are of 
special interest. When Y is strongly negative, i.e. 
when the bands are bent up quite strongly, we have 


pxxo \ 1/2 
Cac. i- 4 


In the limit of large negative Y this is just the 
Mott-Schottky approximation, 7) and a plot of 
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respectively dOs.¢./dys and Now 
may be computed from first principles (see below) 
and Cy estimated from results with metal elec- 
trodes so that a measurement of C gives an esti- 
mate of Cys. 

The theory of the space-charge layer at a semi- 
conductor surface has been given by a number of 
workers. 6-8) For donors completely ionized in the 
bulk of the crystal Cs.¢. may be written 


(3) 
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Fic. 1. Schematic structure and energy level diagram of a typical n-type 
semiconductor-electrolyte interface. 


i. vs. Y should give a straight line, whose 
slope is a measure of the total donor density at the 
surface. 

At the other extreme of potential, when the 
bands bend down and Y is large and positive, 
equation (3) may be approximated in the form 


Cs.c. = (e¥)1/2 (5) 


As can be seen the capacitance increases, appar- 
ently without limit, as the bands bend down and 
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the electrons tend to crowd up closer and closer 
to the surface. Eventually, however, the surface 
layers become degenerate and then the Poisson— 
Boltzmann approximation breaks down. This 
region is considered in greater detail below. 


2. EXPERIMENTAL PROCEDURES 
(a) Sample preparation 

The crystals used in this study were grown in 
these laboratories by D. G. THomas and R. T. 
LyNcH using the vapor phase reaction between 
zinc and oxygen at about 1200°C as originally re- 
ported by ScHarowsky), The resulting crystals 
were in the form of hexagonal needles, about 
0-1—-0-3 mm in “diameter” with the primary faces 
being {11-0}. Conductivities of the “as-grown” 
crystals were in the range from about 0-01 to 3-0 
Q-1 cm-!. The crystals were selected for their 
uniformity of composition both lengthwise and 
radial. The lengthwise uniformity was checked by 
conductivity measurement, while the radial uni- 
formity was checked by measurement of both 
conductivity and electrode capacitance between 
successive etches in 85 per cent HgPO4. Of a 
number of etching solutions employed this was 
found to be the most satisfactory by virtue of its 
uniform attack and its convenient rate (~ 1 »/min 
at room temperature). 

In the lowest region of conductivity the crystals 
were used in the “‘as-grown’”’ condition. For con- 
ductivities in excess of about 1 cm~!, the 
crystals were ‘doped’? by high temperature 
diffusion of indium into the crystal. By far the 
largest numbers of crystals were doped with in- 
dium in a manner similar to that described by 
Tuomas"), 'This procedure was rather tedious for 
conductivities below about 10 Q-! cm! because 
of the extended equilibration times which would 
have been required. In this conductivity range the 
crystals were partially equilibrated with an excess 
of In(NOs)3 until the average conductivity had the 
desired value. The excess indium was then re- 
moved by etching in HgPOs, and the crystal re- 
placed in the oven, usually at 1100°C, for times 
calculated (from THomas’ diffusion data) to 
give a maximum radial variation of 20 per cent or 
less. 

Mechanically strong contacts were made to the 
crystals by electroplating a thin layer of indium on 
the tip of the crystal, then electroplating a second 
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layer of copper on top of the indium, and finally 
soldering a copper wire to the copper plate. A 
fairly large glob of solder was used which com- 
pletely surrounded the tip of the crystal. This 
clamps the crystal so tightly that on attempting to 
break the contact the crystal breaks instead. The 
resistance of the contact was negligible compared 
to the crystal resistance over the entire range of 
conductivity from about 0-005 to 150 Q-1 cm-!. 
The solder joint and copper wire were masked 
by slipping the copper wire through a pyrex glass 
tube and then sealing with Apiezon W wax. The 
efficacy of the masking procedure was checked by 
measuring the d.c. current flow under anodic 
bias up to about 10 V. If any of the copper, solder, 
or indium is exposed to the solution, catastrophic 
currents flow under such a bias. On the other hand, 
a properly masked crystal passes currents only of 
the order of 10-9 A/cm? or less, almost completely 
independent of the crystal resistivity.* 


(b) Electrochemical cell and capacitance bridge 

The electrochemical cell employed was of fairly 
standard design. It was made of quartz and con- 
tained a large area working electrode of platinized 
platinum, a normal calomel electrode separated 
from the main solution by a 1N KCl salt bridge, 
and a second platinum electrode for pre-electro- 
lysis. A nitrogen atmosphere was maintained over 
the solution at all times. The solution was a borate- 
buffered 1 N solution of recrystallized KCl 
(pH ~ 8-5). Freshly ground, spectroscopically pure, 
zinc oxide with an estimated area of about 10,000 
cm? was added to the solution as a “‘getter’’ for any 
surface-active impurities. Periodic additions of 
more zinc oxide were made. 

Impedance measurements were made using a 
General Radio No. 716-C bridge with an auxiliary 
decade capacitance box in parallel with the variable 
air capacitor of the bridge. A schematic diagram 
of the circuit is shown in Fig. 2. Cz represents the 
capacitance of the zinc oxide electrode which was 
always less than about 0-3 uF. The platinum work- 
ing electrode had an apparent area of about 10 cm? 
so that its capacitance was more than 10° times Cz 
and thus made a negligible contribution to the 
total capacitance. 


* A study of the electrode kinetics at the zinc oxide 
electrode has been reported,‘!!) and details will be pub- 
lished shortly. 
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The electrode bias applied to the crystal was 
varied potentiometrically and measured, with 
respect to the calomel electrode, using a Leeds and 
Northrup vacuum tube voltmeter with an im- 
pedance of 1600 MQ, and a sensitivity of about 
+1 mV. The voltmeter was disconnected during 
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Fic. 2. Schematic diagram of the capacitance bridge and 
the equivalent circuit of the unknown arm. 


capacitance measurement. The input signal to the 
bridge was kept below 10mV. Measurements 
were made in the frequency range from 50 c/s to 
100 kc/s. The bridge was extensively calibrated at 
the start of our experiments, and then checked 
periodically during the course of the measurements. 


3. EXPERIMENTAL RESULTS 
Exhaustion region 
The results which have been obtained for the 
capacitance of the zinc oxide electrode in the ex- 
haustion region, i.e. under anodic bias, are re- 
markable for their simplicity. The results for two 
crystals of intermediate conductivity are shown in 
Fig. 3. Here, taking our cue from equation (4), we 
plot the reciprocal of the capacitance squared 
against the electrode potential measured with 
respect to the calomel electrode. As can be seen 
the resulting plots are very nicely linear for the two 
crystals. This was the case for nearly every crystal 
studied; in only two crystals out of more than 
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50 was a curvature greater than 2 per cent observed 
in the region of positive potential (on the calomel 
scale) and most crystals showed a variation less 
than 0-5 per cent. 

This behavior is precisely that predicted for 


the Mott-Schottky space-charge capacitance 
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Fic. 3. Mott-Schottky plots for two crystals under 
exhaustion conditions. The dotted lines represent the 
theoretical slopes. 


(equation 4) and implies that the surface-state 
capacitance is very much smaller than the space- 
charge capacitance. Note in this connection that 
a capacitance vs. bias curve for any one crystal can 
always be fit by a completely unrestricted distri- 
bution of surface states. Such an interpretation, 
while violating the law of simplicity, could not be 
denied. However, the same distribution should 
presumably apply for all crystals, independent of 
the impurity density, and one cannot devise a 
single surface-state distribution which will simul- 
taneously satisfy the results on crystals of varying 
impurity density. 
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The magnitude of the slope of the 1/C2 vs. V 
plots confirms the simplicity of the results in the 
exhaustion region. Equation (4) says that, in the 
absence of surface-states, and if the donors are 
completely ionized (i.e. Np = n) the slope should 
be given by 


(6) 


Slope = 

Since the dielectric constant of ZnO is known(2) 
(« = 8-5), the only unknown quantity is the 
electron density m which can be obtained from 
conductivity and Hall effect measurements. For 
the two crystals in Fig. 3 the agreement between 
the Mott-Schottky slope and the experimental 
slope is within experimental error,* as shown by 
the dotted lines whose slopes are calculated from 
equation (6). In very good approximation the data 
are frequency independent, the maximum variation 
being of the order of 1 per cent in the range from 
50 to 100,000 c/s. 

The conclusion that the surface-state capacitance 
is negligible compared to the space-charge 
capacitance is confirmed in all of our experiments. 
This is shown in Fig. 4, where we plot the slope 
of the 1/C? vs. V curves as a function of electron 
density. The open circles represent “as-grown” 
crystals while the solid circles are for indium doped 
samples. The straight line in Fig. 4 is an absolute 
prediction with no adjustable parameters. As can 
be seen agreement of the data with this simple 
theory is fairly good over the entire range studied. 
It can be improved somewhat by realizing that at 
high density the indium donors are not completely 
ionized. Hutson’s preliminary measurements 
on indium donors indicate an ionization energy of 
about 0-075 eV at electron densities around 10!” or 
less. If we assume that this value applies over the 
entire range of concentration with (see Ref. 12) 
D = 2 and [m(N)]/m = 0-5 we obtain the curve 
marked “Ep = 0-075 eV” Since the donor ioniza- 
tion energy is expected to decrease with increasing 
donor density we expect our experimental points 
to lie beween the two curves in Fig. 4, as in fact 
they do. 

The effective absence of surface states at the zinc 
oxide-electrolyte interface implies that the electric 


*'The major errors arise in the determination of 
surface area and in the determination that the crystals 
are in fact uniformly doped. 
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Fic. 4. The Mott-—Schottky slope as a function of the 
bulk electron density. The straight line is taken from 
equation (6), and represents a no-parameter fit to the 
data. The curved line shows the correction for incom- 
plete donor dissociation with Ep = 0-075 eV. © “as- 
grown’’ crystals, @ indium doped crystals. 


field arising from free charge on the semiconductor 
cannot give rise to any significant potential drop 
across the Helmholtz layer. Sizable changes of the 
surface dipole, on etching a crystal or on long term 
equilibration, are indicated, however, by our 
measurements of the “‘flat-band potential,” i.e. 
the electrode potential at which the bands are flat. 
From equation (4) we see that the extrapolation of 
linear portion of the 1/C? vs. V plot to the voltage 
axis gives the potential at which the bands bend 
up by kT/q V, from which one readily obtains the 
flat-band potential. 

Figure 5 shows the experimental variation of the 
flat-band potential with the bulk electron density 
for three different surface treatments. The curves 
marked ‘‘H3PO,4” and ““KOH” were taken within 
a few minutes after a brief (2-10 sec) etch in, re- 
spectively, HgPOq (85 per cent) and KOH (3 M). 
The curve marked “Long Stand” was obtained 
with crystals which had stood in the buffered KCl 
electrolyte (pH ~8-5) for 10 hr or more. 

Consider the data at low concentration first, 
There are two possible sources of a variable flat- 
band potential, (1) a variable surface dipole and 
(2) a variable contact potential difference at the 
copper-zine oxide interface due to the variation 
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with electron density of the bulk Fermi level. The 
latter variation goes as (kT/q) Inn for a nonde- 
generate semiconductor and the straight lines at 
low electron density are drawn with slope to 
correspond to this variation (59 mV/decade in 7). 
As can be seen the change in contact potential 
accounts for most, if not all, of the observed varia- 
tion with crystal doping at levels below about 
1018 ions/cm*. This is not particularly surprising 
since the impurity density at such levels is quite 
low in normal chemical parlance (99-99 mol.% 
ZnQ) and one would not expect the chemistry of 


a proton going on to the surface on etching 
in acid and coming off when one etches in base. 
Since the proton gets much closer to the “‘surface”’ 
than does the compensating negative ion, the 
surface dipole will be more negative after a basic 
etch than after an acid etch. 

Consider now the data in Fig. 5 at high doping 
levels. A remarkably sharp “bump” amounting 
almost to a discontinuity, in the flat-band potential 
is observed centered at a bulk electron density of 
about 1018, with the flat-band potential getting 
more positive by about 130 mV on going from an 
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the surface to be strongly impurity sensitive at 
these low levels. 

A more physically interesting result is obtained 
from the variation of the flat-band potential with 
the nature of the surface treatment. As can be seen 
from Fig. 5 the flat-band potential is shifted down- 
wards by about 130 mV when one etches in KOH 
instead of HgPO4, corresponding to the addition 
of a surface dipole with the positive end towards 
the electrolyte (or removal of a dipole of opposite 
polarity). This effect is quite reproducible, on a 
given crystal, and quite rapid; a 2-sec etch in either 
HgsPO4 or KOH (corresponding to the removal of 
about 300 A and 30 A in the two cases) brings the 
flat-band potential to the values shown, completely 
independent of the past surface treatment. 

The 130mV change in flat-band potential 
observed on going from a KOH etched surface to 
an HgPO, etched surface may be qualitatively un- 
derstood as a heterogeneous acid base equilibrium, 
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Fic. 5. The variation of the flat-band potential with bulk 
electron density for three different surface treatments. 


electron density of 0-6 x 1018 to 0-9 x 1018, Within 
experimental error the contour of the bump is 
independent of surface treatment. The “width” 
of the bump is so small that in our early experi- 
ments, which had only one crystal in the range 
from 0-6 x 1018, we completely overlooked it and 
took the low density behavior to be valid over the 
entire concentration range. We had then just a 
single anomalous point which we rationalized as 
arising from some unknown anomaly in chemical 
or thermal history of the crystal. This rationaliza- 
tion became quite tenuous as further crystals were 
studied in this concentration range and was com- 
pletely eliminated by the data shown as shaded 
points in Fig. 5. To obtain these data we took a 
crystal which, from capacitance measurements, 
had total donor density less than 1016 donors/cm* 
and by a relatively short heat treatment with 
indium produced a nonuniform donor distribution, 
the outside of the crystal having a donor density 
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near 1018, while the inside was at a level around 
1017 donors/cm*. Capacitance and conductivity 
measurements were then made as the crystal was 
successively etched. In this way we obtained a plot 
of flat-band potential vs. surface donor density 
with a minimum of ambiguity as regards uncon- 
trolled variables of thermal and chemical nature. 
As can be seen from Fig. 5, these data are nicely 
consistent with the data obtained on uniformly 
doped crystals and demonstrate that the “‘anomal- 
ous” variation of flat-band potential with doping 
is a real effect. 

The origin of the bump in flat-band potential is 
at present not known. Taken at face value the data 
say that the bulk Fermi level decreases as one in- 
creases the total electron density. While such a 
behavior is completely impossible for any classical 
system it might just possibly arise as a result of an 
impurity band phenomenon. If the energy of the 
impurity band decreased sufficiently rapidly with 
increasing doping it might conceivably draw 
electrons from the conduction band even though 
the total electron density increased. For want of a 
better explanation we can only present this as a 


preliminary hypothesis and wait for future experi- 
ments and theoretical interpretation to con- 
firm it. 
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STRUCTURE AND ADSORPTION CHARACTERISTICS OF 
(111) AND (111) SURFACES OF InSb CLEANED BY ION 
BOMBARDMENT AND ANNEALING* 


D. HANEMAN 


Barus Research Laboratory of Physics, Brown University, Providence, Rhode Island 


Abstract—Low energy electron diffraction studies have been made of five (111) and (111) surfaces 
of InSb which were cleaned by argon ion bombardment and annealing. From the diffraction patterns 
obtained in both (110) and (112) azimuths, a double-spaced structure of surface atoms appears to be 
present on (111) and (111) surfaces. Exposure to oxygen resulted in a gradual decrease in intensity 
of all beams, indicating that an amorphous layer of oxygen was formed. The sticking coefficient for 
oxygen on the cleaned surfaces has a maximum value of 10-5, and appears to be smiliar on both (111) 
and (111) surfaces. The cleaned surface pattern could be regenerated by heating the crystal at about 


330°C for approximately 1 hr. 


1, INTRODUCTION 

THEORETICAL considerations of surfaces have 
usually been based on a simple model whereby the 
surface is formed by the bulk structure ending on 
undistorted crystal planes. Recent structure de- 
terminations™) of surfaces cleaned by the ion bom- 
bardment and annealing method®) have however 
produced evidence that the surface atoms may be 
rearranged from bulk positions, especially for the 
diamond-structure semiconductors Ge and Si. 
We report here an extension of such measurements 
to InSb, a compound diamond-structure semi- 
conductor of comparatively low melting point, 
523°C. The results lend emphasis to the need to 
consider rearranged surface structures. 

Because of the compound structure and low 
melting point of InSb, one feature of interest is 
whether the ion bombardment and annealing 
method can be used on this material to produce 
sharp low-energy electron-diffraction patterns. 
The breaking method of producing clean surfaces 
is only suitable for (110) surfaces of InSb,® 
whereas interest here was particularly in (111) sur- 
faces. When two such surfaces are created by a cut 
parallel to a (111) plane they show different proper- 


ties under chemical etching.) Hence there may be 
an asymmetry between such faces when atomically 
clean. An additional feature of interest is the gas 
adsorption characteristics of cleaned surfaces of 
InSb. 


2. SURFACE PREPARATION 

In all, five separate crystal surfaces were exam- 
ined, The specimens were cut from a single crystal 
of InSb+ of high purity (p-type, 7 x 1015 impurity 
atoms cm*) and the faces were oriented to within 
} degree of (111) planes by an X-ray method, They 
were then ground and polished, and etched for 
5 sec in a mixture of 2 parts 70 per cent HNOs, 1 
part 50 per cent HF and 1 part 98 per cent glacial 
acetic acid, diluted with distilled water. This was 
followed by a (111)-face preferential etch of equal 
parts of 50 per cent HF and 30 per cent H2O¢ for 
5 sec. The crystals were then rinsed in distilled 
water, and degreased in an acetone extractor prior 
to insertion in the experimental tube. 


3. CRYSTAL MOUNTING 
The crystals were studied in an experimental 
low-energy electron-diffraction tube{ of a type 


= This work was supported by a contract with the Air 
Force Cambridge Research Center, Air Research and 
Development Command. 


t Kindly supplied by Dr. H. C. Gatos, Lincoln 
Laboratory, Lexington, Mass. 
t Assembled by Dr. R. E. ScHLIER. 
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previously described by FARNsworTH et al.) but 
with a different crystal mount. Because of the low 
m.p. of InSb, its temperature during annealing 
was monitored by a chromel—alumel thermocouple 
in permanent contact with the back of the crystal, 
as shown in Fig. 1. The crystal was held against 


THERMOCOUPLE 


Fic. 1. Diagram of InSb crystal and its mounting. 


small projections on the front of a molybdenum 
block by spring-loaded molybdenum hooks bearing 
on slots cut in the crystal sides. Because of the pro- 
jections, the area of thermal contact between the 
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was baked for 2 days at 300°C, with traps cooled 
in dry ice, and subsequently the trap separating the 
tube from the rest of the system was cooled in 
liquid nitrogen. After outgassing schedules, and the 
firing of molybdenum getters, pressures of below 
10-9 mm Hg were obtained. 


5. ION-BOMBARDMENT CHAMBER 


During ion bombardment the argon was ionized 
by a current of electrons flowing from a hot 
filament through an accelerating grid. A shield at 
grid potential prevented material, sputtered or 
evaporated from the filament and its supports, 
from reaching the crystal face. Despite this pre- 
caution, a further undesirable effect was found. 
Material that was sputtered from a crystal face, 
deposited on the glass walls of the tube, and there 
became charged negatively by electrons from the 
filament. This material was then sputtered back 
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crystal and block was small, permitting closer 
temperature control by heating the crystal directly 
(with electron bombardment) rather than by con- 
duction from a heated mount. 


4. VACUUM PROCEDURES 
A diagram of the vacuum and gas handling 
system is shown in Fig. 2. The experimental tube 


Fic. 2. Schematic diagram of vacuum and gas-handling system. 


onto the crystal face. For a compound semicon- 
ductor, this means that the separate elements can 
redeposit on the face. It was not always possible 
to reduce the grid voltage to a value lower than the 
sputtering threshold for indium and antimony; 
hence, a metal shield was placed around the crystal 
to collect stray electrons during ion bombardment. 
A typical configuration is shown in Fig. 3. 
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6. CLEANING PROCEDURES USED 

Heating alone of an etched surface for many 
hours at 350-400°C in high vacuum resulted in 
very weak diffraction patterns corresponding to an 
unidentified structure. It was found necessary to 
bombard the surface with argon ions before heat 
treatment, in order to obtain diffraction patterns 
corresponding to a (111) face. 

A wide variety of ion-bombardment energies and 
current densities, combined with various annealing 
schedules, were tested. The sputtering rate of 
InSb was found to increase with ion energy, being 
quite rapid above 200 eV, where it was many times 
faster than for silicon or germanium. The visual 
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Fic 3. Sketch showing crystal in position for ion bom- 
bardment. Note shield to prevent back-sputtering effect. 


appearance of the bombarded region was detect- 
ably altered after sputtering at 400 eV 10 uA/cm? 
for 20 min. The change was due to the formation of 
small regions having the appearance of black dots 
under a magnification of 400. The percentage of 
surface covered by the regions was normally small, 
and did not appear to contribute to the diffraction 
patterns, since these were little affected by further 
sputtering (followed by annealing). 

After a surface was ion bombarded, annealing 
below 300°C was ineffective in producing diffrac- 
tion patterns, and below about 330°C it was very 
slow. The efficiency of annealing appeared greater 
at higher temperatures, but above about 400°C 
small hillocks formed on the surface.) Hence, 
standard annealing treatments involved heating 
the surface for one to several hours at about 350°C, 
following an ion-bombardment schedule of the 
order 5 «A/cm? at 100-400 eV for 15 min. 
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7. DIFFRACTION PATTERNS 


Reproducible sharp diffraction patterns were 
obtained from a cleaned (111) surface after several 
cycles of argon ion bombardment, each followed by 
annealing at about 340°C for periods of the order 
of several hours. The intensity of the patterns in- 
creased most during the first hour of annealing, 
after which only a small increase took place during 
many hours of further heating. The diffraction 
patterns obeyed the diffraction grating conditions 
of a surface having an atomic structure expected 
from the termination of the bulk structure of InSb 
on a (111) plane. However, half-integral order 
beams were found, in general, with comparable 
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Fic. 4+. Positions of diffraction beams in the (110) 
azimuth for a cleaned (111) surface of InSb. Dots (:) 
represent peaks in plots of collector current vs. beam 
energy for one (110) azimuth, crosses (x) refer to results 
from a (110) azimuth at 60° to the above, obtained by 
rotating the crystal by 60°. The angle between the 
crystal face and the incident electron beam is slightly 
different for the two orientations of the crystal as shown 
by the different deviations of the experimental points 
from the solid curves. These curves are theoretical plots 
of the surface grating formula = d sin using the bulk 
lattice constant of 6-48 A for InSb. Positions at which 
the beams maximize are represented by a circle around 
the requisite dot or cross. The order of diffraction, n, is 
marked on the curves. 


intensities to the integral order beams, indicating 
that the surface atoms had double the bulk spacing. 
A graph of beams positions is shown in Fig. 4. 

The sticking coefficient had a maximum value of 
about 10-5 for oxygen, and was several orders of 
magnitude lower for nitrogen. 

Two types of (111) surface were obtained. In 
one case an intense diffraction pattern obeying the 
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(111) surface-grating relationship, and containing 
both integral and half-integral order beams, was 
obtained, following a complex treatment, involving 
overheating and back sputtering of indium and 
antimony onto the crystal face. Later tests with an 
omegatron also raised a doubt about the purity 
of the argon used during this treatment. The 
sticking coefficient of oxygen was orders of magni- 
tude lower than 10-5. In subsequent experiments 
on crystals which were not subjected to over- 
heating and back sputtering, and where the argon 
purity was checked with an omegatron, a repro- 
ducible diffraction pattern of the same nature as 
before, but weaker by an order of magnitude, was 
obtained. The sticking coefficient of oxygen how- 
ever was 10-5, similar to that for the (111) face. 
Since the latter pattern was reproducible whereas 
the former, although more intense was not, and 
since also the reproducible pattern was obtained 
from a surface which was not subjected to over- 
heating and back sputtering, using possibly impure 
argon, it is considered that the latter results are 
the reliable ones. 


8. OXYGEN ADSORPTION AND CLEAN SURFACE 
REGENERATION 

The effect on the surface of exposure to oxygen 
was ascertained by noting changes caused in the 
diffraction pattern. The source of oxygen was a 
heated, sealed silver tube connected to the system 
by a metal-glass seal. Oxygen passing through the 
silver tube into the system was as pure, or purer, 
than the best obtainable commercially.) With all 
filaments cold, the oxygen was let into the tube 
continuously through an adjustable porcelain leak, 
while the system was open to the pumps but with 
the getter chamber isolated by a ball-and-socket 
valve. The dynamic equilibrium pressure of oxy- 
gen in the tube was estimated from previous 
experiments using pure nitrogen flowing through 
the leak. With nitrogen it was possible to use the 
ionization gauge as a pressure monitor, but this is 
not possible with oxygen since it forms CO by 
interaction with carbon on the hot gauge 
filament. (8) 

The adsorption of oxygen resulted in a gradual 
weakening of all beams in both (110) and (112) 
azimuths on (111) and (111) surfaces. For example, 
after a cumulative exposure of 5 x 10-3 mm min, 
the diffraction patterns were reduced to about 25 
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per cent of their original intensity as seen in Fig. 5. 
The maximum sticking coefficient* was 10-5. The 
clean surface could be regenerated by an ion bom- 
bardment and anneal cycle, or by annealing only, 
at about 330°C for about 1 hr or more. If a partially 
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Fic. 5. Fractional coverage @ and sticking probability S 
as functions of exposure to oxygen at 300°K. 


oxygen-contaminated surface was heated at 200°C, 
the diffraction pattern deteriorated further. How- 
ever, heating above 320°C caused the diffraction 
pattern to become more intense. 


9. DISCUSSION 
(a) Composition of surface 

When a material containing two kinds of atoms 
is subjected to ion bombardment, there is a possi- 
bility that one kind of atom may be preferentially 
sputtered, leaving a non-stoichiometric surface. 
For InSb, under the bombardment conditions 
used, it is concluded that any tendency for pre- 
ferential sputtering was sufficiently small that the 
effect could be removed by a subsequent anneal at 
about 340°C for approximately one hour. This 
follows since the surface atoms after this treatment 
had the InSb structure and symmetry. It is not 
considered probable that excess In or Sb would 
take up this structure since the elements are face- 
centered tetragonal and rhombohedral, 
spectively, with a quite different symmetry from 
that of InSb. It may be noted also that In and Sb 
have similar atomic weights so that very dissimilar 
sputtering rates are not expected. 

At the annealing temperatures used here 
appreciable surface decomposition does not appear 
to take place. 


* The method of computing the sticking coefficient 
is given in the author’s reply to GREEN and MAxwELL, at 
the end of the paper. 
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Table 1. Low-energy electron-diffraction beams of other than integral order found on cleaned 
surfaces of Ge, Si and InSb 


Crystallographic surface 


Material (111) 


(110) | (100) 


Ge 3 


| plus weaker fractional- weaker 


| order beams. 


beams, all azimuths,* | 4 beams (110) azimuths,* 


| beams in other azimuths. 


4 beams in azimuths 
having even sums of in- 


fractional-order | 
| dices.* 


fractional-order beams 


' as above, also fractional- 
| order beams. 


4 beams all azimuths, plus 
very weak fractional beams 


“4 beams’’ means beams of order 1/2, 3/2, 5/2, etc. 
‘Fractional order beams’’ refers to orders other than multiples of 1/2. 
*“2 beams’’ weakened by O2 adsorption more than integral order beams. 


(b) Double spacing 

A significant feature of the diffraction results is 
the presence of half-integral order beams in all 
azimuths of all faces examined. This feature had 
also been found for (111) and (110) faces of Ge, 
and to some extent on (100) faces of Ge and Si. A 
summary of results for these three semiconductors 
is given in Table 1. 

It appears that there is some degree of generality 
in the observation of a double-spaced structure 
on the diamond-structure semiconductors. The 
phenomenon apparently arises because the atoms 
in the surface layer have incomplete ‘“‘bonds’’. 
A lower energy equilibrium situation may thus be 
one where there is a lower density of atoms in a 
surface plane than in the corresponding bulk plane. 
A possible atomic configuration for a (100) Ge 
surface has been suggested by SCHLIER and Farns- 
WorRTH®), Further evidence for a double-spaced 
surface for diamond-structure materials has been 
deduced from microcleavage characteristics by 
Wo 


(c) Difference between (111) and (111) faces of InSb 

These surfaces are produced by a cut parallel to 
a (111) plane. When etched in the chemical mix- 
tures described in Section 2, one face, referred to 
as (111), develops etch pits, while the other face, 
(111), does not. The general surface appearance of 
the two faces are different after etching.“ 


Although this phenomenon, which is found also 
with other semiconductors in Groups III-V, is not 
understood in detail it is certainly related to the 
asymmetry of the zinc-blende type structure in the 
(111) direction. 

From consideration of the bulk structure it is 
expected that the atomic surface planes themselves 
are different for (111) and (111) faces. On one of 
these, any antimony atom is triply bonded to the 
underlying structure, and any indium atom is 
singly bonded. On the opposite surface the bond 
numbers are reversed, as seen from Fig. 6, It 
appears that a break through the single bond, as 
indicated by the line (1), is energetically more 
favorable than that shown by the line (2). In this 
case the atoms on the surface would all be of one 


Fic. 6. Appearance of bulk InSb structure, looking along 

a (112) direction. Alternate atoms are In and Sb. If sur- 

faces are produced by the cuts 1 or 2 along (111) planes, 

then the same atoms are bonded to the bulk structure 
differently for the two surfaces. 
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kind, indium atoms on one surface and antimony 
atoms on the other. In fact, however, the presence 
of half-integral order beams in the diffraction 
pattern indicates that some rearrangement of 
surface atoms from the bulk positions has taken 
place, caused at least in part by the presence of un- 
satisfied surface bonds. The simple concept of the 
bulk solid ending on either the surface (1) or (2) 
in Fig. 6, may thus require modification. 

The particular modifications to be considered 
should take into account the following features. 
(a) As mentioned above, the observation that the 
surface monolayer has the InSb structure and 
symmetry, tends to suggest that the surface does 
not consist of sufficient excess In or Sb to form 
the observable structure of either of these ele- 
ments. (b) The observation of a similar (111) type 
structure for the (111) and (111) surfaces indicates 
a similar atomic arrangement for these surfaces. 
(c) The values at which the beams maximized were 
different for the two sides. Since these values are 
determined in part by the distance between the 
first and second surface layers, the experimental 
evidence indicates, though not conclusively, that 
the spacing of the surface atomic layer from the 
second layer may be different for the two sides. 

The sticking coefficient for oxygen was found to 
be not appreciably different for the (111) and (111) 
sides having the reproducible diffraction patterns. 
If a face containing predominantly indium atoms 
had different oxygen adsorption rates from one 
containing mainly antimony atoms then this 
evidence might appear to suggest that both types of 
atoms were about equally plentiful on (111) and 
(111) surfaces. However, this conclusion need not 
hold due to the comparatively large distances be- 
tween atoms in a double-spaced structure. Oxygen 
atoms might adsorb onto the atoms in a single- 
spaced second layer exposed through the spaces 
in the double-spaced surface layer, and thus dis- 
tort the surface layer itself, leading to a weakening 
in the observed diffraction pattern. If the first and 
second layers are composed of indium and anti- 
mony atoms, respectively, or vice versa, then both 
types of atoms would thus take part in the oxygen 
adsorption process, tending to make the observed 
adsorption rates for (111) and (111) surfaces 
similar. 

The three facts of interest for the surface layers 
are thus: 
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(i) the atoms show the InSb structure and 
symmetry. 
(ii) there is a marked tendency for the atoms to 
show a double-spaced structure, 
(iii) the oxygen adsorption rates for (111) and 
(111) surfaces are apparently closely similar. 


(d) Comparison of temperatures for oxygen removal 

and bombardment annealing 

After argon ion bombardment, it has been 
found that InSb, like germanium and silicon and 
other crystals, must be annealed at a certain tem- 
perature 7; to remove the lattice damage caused by 
the bombardment. For these three semiconductors 
it has also been found that the diffraction pattern 
from a clean surface can be restored after oxygen 
adsorption by simply heating the surface to a 
certain temperature 72. These temperatures are 
given in the following table. 


Table 2 
Material | Anneal temp. Regen. temp. m.p. 
Ti T2 | 
Get | 600°C | 500°C 958°C 
Si* | 1000°C | 900°C 1420°C 
InSb 340°C 330°C 


* From SCHLIER and FaRNSWorRTH"), 


It is seen that there is a marked similarity be- 
tween 7; and 7> for these semiconductors. This 
can be considered in relation to the mechanism by 
which oxygen is removed from a heated surface. 
For germanium, the heat of adsorption of oxygen 
is of order 100 kcal/mole so that desorption at 
only 500°C would appear to be negligible. For 
InSb, the heat of adsorption of oxygen“ is of 
order 2 kcal/mole so that some desorption at 330°C 
is perhaps possible, though the temperature is 
rather low. Another mechanism for oxygen re- 
moval from germanium has however been 
suggested by FarNswortH®) whereby oxygen 
diffuses into the bulk. This process is presumably 
aided when the atoms of the material attain 
sufficient energy to move back into equilibrium 
positions after the ion bombardment. That is, the 
mobility required by the surface atoms to recover 
from the nonequilibrium positions caused by ion 
bombardment is also that needed to permit a ready 
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passage of oxygen atoms between them. This pro- 
cess may not correspond with the bulk-diffusion 
rate of oxygen. 

The above mechanism for oxygen removal has 
been suggested by the correspondence between 
the temperatures 7; and 7» for the three materials 
discussed. It is of course possible that there is a 
degree of coincidence in this, and that quite differ- 
ent oxygen removal mechanisms are important. 


Acknowledgement—The author is grateful to Professor 
H. E. FarNswortu for critical and valuable discussions 
of this work. 
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J. J. LANDER (Bell Laboratories): In that part of the paper 
indicated as Section 9(a), Composition of the Surface, 
the author states that “‘it is not considered probable that 
excess In or Sb would take up this structure’’ (that of 
InSb) “since they are face-centered tetragonal and 
rhombohedral, respectively. ..’’ and he concludes that 
the surface is stoichiometric. However, evidence from 
studies of epitaxial growth with many combinations of 
materials show that the structure of the first few atom 
layers of foreign atoms deposited on surfaces may be 
radically influenced by the base material. Thus a mono- 
layer of chemisorbed In or Sb would be most apt to take 
up sites provided by InSb. 

A second comment concerns the possibility of pre- 
cipitation of a solute with relatively low solubility. In 
experiments on surfaces which follow an anneal of some 
intermediate temperature one must keep in mind that 
if the bulk material at a higher temperature was 
effectively saturated with a solute, then this may pre- 
cipitate on the surface during the anneal. Recent studies 
of precipitation on dislocations indicate the prevalence 
of this comparable phenomenon. Solutes with very low 
solubilities may be active. Examples with ZnO as the 
solute are discussed in the twenty-second paper of this 
meeting. 


Repty: In our experiments the processes which take 
place are not deposition of indium or antimony on the 
surface but removal of these materials. If one element is 
removed preferentially during sputtering and or heating, 
then the surface region might contain an excess of the 
other element. Such In- or Sb-rich regions would tend 
to segregate after annealing into InSb plus the excess 
element.* However the diffraction patterns obtained 
after the prescribed treatments, were characteristic of 
InSb indicating that any other structures at the surface 
were either disordered or present in negligible amounts. 

The possibility that impurities may precipitate at the 
surface during heating cannot be excluded, even though 
the specimens used were as pure as obtainable. However, 
after a cleaned surface pattern was obtained, further 
heating for up to 35 hr at around 350°C (the bombard- 
ment-anneal temperature region) did not appreciably 
affect the diffraction beams or oxygen adsorption 
characteristics. This would indicate that at the tem- 
peratures used here any possible tendency for impurities 
to precipitate at the surface caused less than about 5 per 
cent change in surface composition even after 35 hr of 
heating. 


M. GREEN and K. H. Maxwe ut (Zenith Radio Cor- 
poration): In their work on germanium surfaces SCHLIER 
and FaRNsworTH found that certain of the diffraction 
beams were very nearly extinguished by the adsorption 
of a monolayer of oxygen atoms. The amplitude of such 
a beam was assumed to be proportional to the uncovered 
surface area. If Jo is the intensity of the line for a bare 


* Buscu G., Nuovo cim. Suppl. 7, 696 (1958). 
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surface, then the intensity J at coverage 8 was assumed 
to be given by 


I = (1-6). 


Since the adsorption of oxygen on the InSb surface re- 
sulted in a gradual weakening of all the beams, with no 
pattern characteristic of the oxygen covered surface, 
how were the values of 6 shown in Fig. 5 derived? In 
particular, at what point in the weakening of the diffrac- 
tion pattern by oxygen adsorption was it assumed that 
was unity? 

By what method was the sticking coefficient, S, cal- 
culated? If it was calculated by the method used by 
SCHLIER and FARNSWORTH then, as one of us has shown, ¢ 
there is still doubt as to the correct analysis of the experi- 
mental results. 

Since the derivation of a value for the sticking co- 
efficient, S, depends on a knowledge of the absolute 
pressure, could an estimate of the error in pressure 
measurement be given? 

In view of the above points, what significance can be 
attached to the reported values of @ and S? 


Repty: In obtaining the values of 6 and S the follow- 
ing assumptions and steps were used: 

(1) The diffracted beam intensity is taken propor- 
tional to the uncovered surface area. The fractional 
coverage 8 then equals unity when the beams are ex- 
tinguished. 

(2) From the values of # obtained as above, the stick- 
ing coefficient S may be computed by the method used 
by SCHLIER and FARNSWORTH as given in a more recent 
publication} than the one to which GREEN refers. Since 
the number of molecules that strike the surface during a 
given exposure is known, S may be calculated directly 
from the measured variation of 6 with exposure: 


S = N{d6/d({ p dt)] 


where N = N5/(4°3 X10?) being the ratio of the number 
of atoms/cm? adsorbed at full coverage, to the number 
of oxygen atoms striking 1 cm® at 300°K during an ex- 
posure of 1 mm Hg-min. 

(3) The value of Ns was taken as the number of 
atomic sites on an undistorted (111) plane of InSb. 

Concerning pressure measurements, the equilibrium 
oxygen pressures in the tube were obtained from the 
settings of a calibrated porcelain leak, as discussed in 
the text. Tests of the calibration with gases Nz and CO 
indicated an upper limit to the error in oxygen pressure 
measurements of about 25 per cent. 


+ GREEN M., Progress in Semiconductors, Vol. 4, p. 35. 
Heywood, London, (1960). 

Scuurer R. E. and Farnswortu H. E., J. Chem. 
Phys. 30, 917 (1959). 
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In assessing the significance of the values of @ and S, 
the main possibility of error in computing S would 
appear to lie in (3). If the oxygen tends to deposit on the 
surface in small clumps the numerical value of Ne will 
be affected, by as much as a factor of 2 or 3 in extreme 
cases. 


The other assumptions involved are of course not 
above controversy due to present insufficient knowledge 
of the precise processes involved in adsorption. Taking 
everything into account however, the quoted values are 
nevertheless expected to be within a small integral factor 
of the true values. 
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ETCHING AND INHIBITION 
OF THE III-V INTERMETALLIC COMPOUNDS: InSb* 


H. C. GATOS and M. C. LAVINE 
Lincoln Laboratory, Massachusetts Institute of Technology, Lexington 73, Massachusetts 


Abstract—In oxidizing etching media, the {111} surfaces of InSb are much less reactive than the 


OF THE {111} SURFACES 


{IIT} surfaces as determined by direct dissolution rates and by etching of spheres. Related to this 
difference in reactivity is the fact that dislocation etch pits appear on the {111}, but not on the {IIT} 
surfaces. Inhibitors such as stearic acid and primary amines decrease appreciably the dissolution 
rate of only the {III} surfaces. Furthermore, etching inhibitors lead to the formation of new dis- 
location etch pits on the {111} and also on the {111} surfaces. Similar effects were observed in GaAs. 
These phenomena are discussed in terms of the atomic configuration of the surfaces involved and the 


INTRODUCTION 

WirtH the introduction of intermetallic compounds 
to semiconductor science and technology, surface 
studies of these materials have become of interest. 
The surfaces of the III-V compounds (zinc-blende 
structure) present unusual characteristics as a re- 
sult of the crystallographic polarity along the 
<111) direction. It is well known, for example, 
that dislocation etch pits can ordinarily be revealed 
on the {111} surfaces of these compounds but not 
on the {111} surfaces. WarEKoIs and MetzcEr), 
employing X-ray diffraction techniques, have re- 
cently identified the {111} surfaces terminating 
with group III atoms and those terminating with 
group V atoms.} It is now generally accepted that 
the {111} surfaces developing dislocation etch pits 
are the A surfaces, whereas those developing no 
dislocation etch pits are the B surfaces. 

The authors® have recently discussed these and 
other differences between the two types of {111} 


* The work reported in this paper was performed by 
Lincoln Laboratory, a center for research operated by 
Massachusetts Institute of Technology with the joint 
support of the U.S. Army, Navy and Air Force. 


+ In the III-V compounds it is customary to designate 
the group III atoms as A atoms and the {111} surfaces 
terminating with triply bonded A atoms as A surfaces. 
Similarly the group V atoms are designated as B atoms 
and the {111} surfaces terminating with triply bonded 
B atoms as B surfaces. This designation will be used in 
the present paper. 


relative reactivity of the group III and group V atoms. 
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surfaces. They have also reported on the influence 
of the polar <111> direction on the etching be- 
havior of the {110} and {100} surfaces of InSb.) 
In these reports an attempt was made to inter- 
pret the observed etching behavior on the basis of 
bonding and electronic configuration. 

In the present paper the differences between 
the A and B surfaces of InSb are pursued further, 
and new effects of etching inhibitors leading to the 
development of dislocation etch pits on both A and 
B surfaces are presented. An interpretation of these 
results is advanced. 


EXPERIMENTAL 

The specimens employed in this study were cut 
from high-purity single crystals of InSb grown in 
the <111) direction by the Czochralski method 
(rate of rotation: 10 r.p.m.; rate of pulling: 1-9 
cm/hr). The parallel sides of wafer specimens were 
ground to within 1° from the {111} orientation as 
determined by X-ray diffraction. Regular tetra- 
hedrons (with an edge of approximately 1 cm) 
having either only A or only B faces were also pre- 
pared by grinding. In InSb) as in the case of 
other III-V compounds the A and B surfaces have 
been identified by X-ray diffraction techniques. 

The InSb spheres (approximately 1 cm in dia- 
meter) were prepared by placing specimens of 
roughly cubical shapes on a tube mounted on a 
horizontal wheel. The specimens were rotated 
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manually in a direction opposite to the rotation of 
the wheel.* 

The two principal etchants employed were: 
(a) 2 conc. HNOs + 1 conc. HF + 1 glacial 
CHsCOOH (in parts by volume); and (b) 0-2N 
Fe*++ in 6N HCl. For convenience, etchant (a) 
will be referred to as modified CP-4 and (b) as 
Fe*+** etchant. In the case of InSb, the modified 
CP-4 generally leads to chemical polishing 
whereas the Fe*+** etchant acts preferentially lead- 
ing to well defined etch figures. 


Etching experiments 

Dissolution rates. At room temperature, the 
dissolution rate of InSb in strongly oxidizing 
media, including the modified CP-4 and the Fe+++ 
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Fic. 1. Dissolution rate of InSb as a function of tempera- 
ture in modified CP-4. 


etchant, is controlled by the diffusion rate of the 
oxidizing species to the InSb surface. The apparent 
activation energy for dissolution is approximately 
5 kcal/mole, typical of diffusion controlled pro- 
cesses. Consequently, no differences in dissolution 
rates were observed between the A and B tetra- 
hedrons. At lower temperatures however, differ- 
ences in dissolution rate exceeding one order of 
magnitude were observed, as shown in Fig. 1. 


* This method was suggested to us by G. A. WOLFF 
of the U.S. Army Signal Research and Development 
Laboratory. 


H. C. GATOS and M. C. LAVINE 


Here, the dissolution rate of the A surfaces becomes 
a chemical activation process with an apparent 
activation energy of approximately 25 kcal/mole. 
The dissolution of the B surfaces remains under 
diffusion control down to, at least, 0°C. 


Etching characteristics. Although, at room tem- 
perature, no difference in dissolution rates was ob- 
served between the A and the B surfaces, the 
microstructure of the A and the B surfaces etched 
in modified CP-4, was found different. For 
example, the familiar dislocation etch pits were 
observed on the A but not on the B tetrahedrons. 

In the Fe+*+ etchant, the etch figures of the A 
and the B surfaces were strikingly different. The 
etch figures on the B surfaces formed arrays of 
well defined or overlapping equilateral triangles 
oriented along and bounded by ¢110) directions. 
The etch figures on the A surfaces were irregular 
or regular hexagons usually much larger and less 
well defined than the corresponding triangular 
figures of the B surfaces. The hexagons were also 
bounded by <110) directions. A typical example 
of the etch figures on the A and B surfaces of an 
{111} wafer is shown in Fig. 2. 

The above differences in etch figures can serve 
for the unmistakable identification of the A and B 
surfaces even when, due to very low dislocation 
densities, dislocation etch pits are not revealed on 
the A surfaces of InSb. In this connection it is of 
interest to point out that triangular figures (not as 
well defined as in Fig. 2) persist on the B surfaces 
even when the A surfaces appear chemically 
polished. 


Etching of spheres. Single crystal spheres can pro- 
vide a simple means for obtaining general infor- 
mation on the orientation dependence of etching. 
This is true even if the overall etching rate is con- 
trolled by transport phenomena in the etchant. 

InSb spheres were etched in several media and 
at various temperatures. In no case did the A faces 
develop since they are the slowest reacting ones, 
Consequently, octahedron shapes resulting from 
the development of all of the {111} faces, as in the 
case of germanium, ) were never observed. The 
orientation of the spheres was determined by 
X-ray diffraction and preferential etching tech- 
niques. Figure 3(a) shows a sphere etched in modi- 
fied CP-4 at room temperature. The pitted tri- 
angular area corresponds to a B face. Four such 
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Fic. 2. The A (a) and the B (b) surface of an InSb wafer etched in Fe*** etchant for 30 min at 
87°C 315. 
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ie Fic. 3. (a) InSb etched at room temperature in 1 part modified CP-4++1 part HeO 
(by volume); the pitted triangular area corresponds to a B face. (b) Sphere etched 
in 1 part 30 per cent H2O2e+1 part conc. HF +4 parts H2O (by volume), showing 
one of the four three-{100}-face sets. (c) Sphere etched in Fe*++* etchant at 80°C, 
showing a three -{100}-face set merging into a B face. (d) Sphere (c) showing one 
of four six-face sets with three {110}-and three {100}-faces. Spheres were approxi- 
<< mately 1 cm in diameter. 
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Fic. 4+. The A (a) and the B (b) surface of an InSb wafer etched for 30 min at 87 C in the Fe*** 
etchant containing 0-5 per cent butylamine x 315. 
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Fic. 5. I (a) and I (b) are the A and B surfaces, respectively, of an InSb wafer etched for 1 
min in modified CP-4 at O'C; 315 x.I (c) and I (d) are the A and B surfaces, respectively, 
etched for 1 min in modified CP-4++0-5 per cent butylamine at O C. The decrease in size of 
the conical pits can be noted in going from I (a) to I(c); 315 x. II (a) and II (c) are the A and 
B surfaces, respectively, of a wafer etched in modified CP-4+0-5 per cent amylamine; 
100 x. Subsequent etching of same wafer resulted in formation of holes as shown in II (b) 
(thickness decreased by approximately 0:3 mm); holes and outline of II (b) are indicated in 
II (a) and II(c) for comparison. 
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areas developed around the sphere and were con- 
nected by pitted strips corresponding to the {100} 
planes. Independent tests showed that in the modi- 
fied CP-4 etchant the {100} surfaces are approxi- 
mately as reactive as the B faces. 

In 1 part 30 per cent H2O2+1 part conc. HF +4 
parts HO (by volume), in addition to the four B 
faces, four sets of three {100} faces were observed. 
One of these sets is shown in Fig. 3(b). The faces 
of each set converge to an A {111} pole. In the 
Fe*+* etchant each of the four B faces were formed 
at the intersection of three {100} faces (Fig. 3(c)); in 
addition, four sets of six faces were developed (one 
such set is shown in Fig. 3(d)); three of the six 
faces are {100} and three are {110}. The six faces 
converge to an A {111} pole. 


Inhibition experiments 


Some of the etching experiments described 
above were repeated in the presence of etching in- 
hibitors in the hope that etching inhibition might 
contribute to the understanding of the etching 
mechanisms. Tetrahedral specimens, as above, 
were employed for determining the dissolution 
rates. 

The following inhibitors were employed: stearic 
acid, amylamine, butylamine and propylamine. 
About 0-5 per cent of a given amine was added to 
the etching solution. Since the solubility of stearic 
acid is very small, a slight excess of this inhibitor 
was added to the etchants. 

In the modified CP-4 at O°C containing any of 
these inhibitors, the dissolution rate of the A sur- 
faces was found to be 0:31+0-04 mg/cm?/sec; a 
rate of approximately 0-52 +0-08 mg/cm?/sec was 
obtained in the absence of inhibitors. In the case 
of the B surfaces, the dissolution rate decreased 
very markedly in the presence of an inhibitor; i.e. 
from approximately 7-8 mg/cm?/sec to 0-36 + 0-04 
mg/cm2/sec. 

The fact that the dissolution rates of the A and 
B surfaces became virtually equal in the presence 
of inhibitors was also reflected in the etching of 
spheres; their shape was not altered detectably 
even after prolonged etching. Thus, although no 
independent experiments were performed, it would 
appear that the dissolution rates of the {110} and 
{100} surfaces are inhibited to approximately the 
same values found for the A and B surfaces. 


It is of interest to note that the differences in 
microstructure between the A and B surfaces (Fig. 
2) become far less pronounced in the presence of 
inhibitors as seen in Fig. 4. 


Dislocation etch pits on the A and B surfaces. The 
most striking effect of the etching inhibitors is the 
appearance of dislocation etch pits on the B sur- 
faces and the appearance of new pits on the A 
surfaces. A preliminary account of this observation 
has already been reported.(6) The etch pits ordin- 
arily appearing on the A surfaces appear also in 
the presence of inhibitors, but their size is appreci- 
ably smaller than that observed under the same 
conditions in the absence of inhibitors. Typical 
examples of an A and a B surface etched in 
modified CP—4 with and without an inhibitor are 
shown in Fig. 5-I (all of the inhibitors pointed out 
above lead to the same results). 

The following experiment was performed in 
connection with the etch pits developing in the 
presence of inhibitors: An {111} wafer approxi- 
mately 3 mm thick was etched in modified CP-4 
containing no inhibitor. The A and B surfaces 
were replicated on Faxfilm and then the wafer was 
re-etched (without grinding) in modified CP-4 
containing an inhibitor. The A and B surfaces were 
again replicated. Etching in modified CP—4 con- 
taining an inhibitor and replicating were repeated 
nine times until microscopic holes appeared 
through the wafers. The thickness of the wafer 
was monitored with each etching. Large areas 
of the surface replicas were mapped on composite 
microphotographs using suitable reference points. 

In the successive etchings, it was possible to 
follow through the wafer many of the new pits 
appearing on the A and B surfaces. In these cases, 
the pits followed a line intersecting the {111} sur- 
face at an angle of 60°, characteristic of dislocation 
lines in the zinc-blende structure. (An error of + 2° 
was associated with these determinations.) In 
many instances it was possible to find one-to-one 
correspondence between the new pits on the A 
and those on the B surface. Furthermore, some of 
the holes finally formed on the wafer, could be 
traced to individual pits (Fig. 5-II). No direct 
correspondence was found. between the ordinary 
etch pits on the A surface and new pits on the B 
surface. 

Although only a limited number of the new pits 
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was traced through the wafer, there is no doubt 
that they are associated with dislocations. 

It should be pointed out that the appearance of 
new pits in the presence of inhibitors was observed 
not only in the modified CP-4, but in a number of 
other etching media. Furthermore, by adding 
inhibitors in the GaAs etching employed by 
ScHELL(?) (10 ml conc. HNO3+30 ml H20), etch 
pits appeared on both A and B surfaces of a GaAs 


wafer. 


DISCUSSION 

In a previous communication) an atomic model 
was proposed to explain the overall differences in 
behavior between the A and the B surfaces of the 
III-V compounds. The model is based on the 
assumption that the sp? tetrahedral bonding of 
these compounds extends to the surface atoms. 
The B atoms on a B surface must then have a 
dangling (unshared) but filled s—p orbital (Fig. 6(b)). 
In the case of the A surface atoms, (Fig. 6(a)), there 
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Fic. 6. Atomic model of the A and B {111} surfaces. 


are no electrons available for the fourth s—p orbital. 
A reasonable consequence of this is that the 
electronic configuration of the A surface atoms is 
distorted from the tetrahedral symmetry. On this 
basis it was anticipated and experimentally verified 
that less perfect crystals of InSb are grown in the 
A{111} direction than in the B{111} direction.) 

Regarding the chemical reactivity of the A and 
B surfaces, it was argued that in reaetions where 
oxidizing (electrophilic) agents are involved B 
atoms are more reactive than A atoms because 
they have an unshared pair of electrons available 
for oxidation. 

The dissolution process under consideration is 
far too complex and the available information 
rather limited to allow a quantitative development 
of the dissolution mechanism. Certain aspects of 
the mechanism, however, can be pointed out at 
this time. 
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The growth and dissolution of crystals are gener- 
ally considered to proceed through the propagation 
of atomic or molecular steps along the exposed 
surfaces.(9-1)), In the case of the III-V compounds, 
such steps are expected to be diatomic layers as 
shown schematically in Fig. 7. In other words, the 
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Fic. 7. Two-dimensional representation of the zinc- 
blende structure with surface steps. 


surface configuration with singly bonded atoms is 
considered unstable; if it were stable, the A and B 
surfaces would behave alike. Thus, the rate deter- 
mining (slow) partial reaction* of the dissolution 
process is not associated with the breaking of the 
single bonds between the atoms of layers II and 
the substrate, but primarily with the bonding be- 
tween layers I and II. This conclusion is consistent 
with the atomic model of the {111} surfaces pointed 
out above. It is being assumed, of course, that no 
drastic structural changes occur at the surfaces, 
since such changes are not readily visualized at 
this time. 

The rate of motion of the diatomic steps (vs) 
across the surface is an important parameter in the 
dissolution process.{!9 11) Atomic pits (created by 
the removal of one atom from layer I) or kinks 
(created for example by the removal of two 
adjacent atoms from layer I), such as shown in 
Fig. 8, can be considered as nucleation points for 
steps (no reference is made to crystal edges, since 
the crystal surfaces are assumed to be relatively 
large). If, over a given {111} surface, the rate of 


* The term “partial reaction’’ will be used in lieu of 
“step’’ from the chemical kinetics standpoint. The term 
“step’’ will be retained for designating a physical step 
as in Fig. 7. 
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formation of atomic pits or kinks (vz) is relatively 
large (Un>vs), then it would lead to the unstable 
surface configuration with singly-bonded atoms. 
Thus, it is necessary that vs = vpn. No reliable con- 
clusion can be drawn as to the relative magnitudes 


ATOMIC PIT 


Fic. 8. Representation of an {111} surface with an atomic 
pit and a kink. 


of vs and vy. However, in view of the fact that the 
dissolution rate of the B surface is much greater 
than that of the A surface, it can be stated that 


v> > v8 
where the superscripts a and b refer to A and B 
surfaces. This relationship probably reflects the 


marked tendency of the B faces to develop well 
defined etch figures. 


Etching at dislocations 

There are two types of edge dislocations present 
in the III-V compounds; i.e. « dislocations, 
having a row of A atoms and £ dislocations, having 
a row of B atoms. VENABLEs and Broupy“) have 
shown that on the {110} and the {111} surfaces of 
InSb the ordinarily observed dislocation etch pits 
are associated with only one type of dislocation. 
If their work is viewed in the light of Warekots’ (4) 
identification of the InSb crystallographic polarity, 
the observed dislocation etch pits are associated 
with « (In) dislocations. Such dislocations in inter- 
secting the A surfaces terminate with a doubly 
bonded surface atom. This atom is apparently 
attacked faster than the other surface atoms. Thus, 
it is reasonable to expect that the rate of nucleation 
(v%) along the dislocation line (exposing at any 
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given time a doubly bonded atom) exceeds v%, 
which is a condition necessary for the formation of 
a dislocation etch pit. On the other hand, f dis- 
locations in intersecting the A surfaces terminate 
with a trivalent atom. Thus, it is not surprising 
that the rate of nucleation along the f dislocation 
(v4) does not exceed v.. The elastic strains associ- 
ated with edge dislocations do not appear to play 
a significant role in the etching of the III-V com- 
pounds. 

Regarding the B surfaces, v? is apparently so 
large that it is not ordinarily exceeded by v7 or ve. 


Inhibition 

In acid solutions, the primary amines employed 
as inhibitors form positively charged ammonium 
ions and are expected to adsorb preferentially 
(although not exclusively) on the B surface atoms, 
which have an unshared pair of electrons (see also 
model Fig. 6). It is believed that this is the primary 
reason for the marked decrease in dissolution rate 
of the B surfaces in the presence of inhibitors and 
the virtual lack of inhibition in the case of the A 
surfaces. Preferential adsorption on the B atoms 
can also be argued for the case of stearic acid. 
Although the substantial decrease in vp is apparent, 
it is not clear to what extent v? is affected. The fact 
that the surface dimensions of the « dislocation 
etch pits on the A surface decrease (but not their 
depth) suggests a decrease in v®, although the 
overall dissolution rate of the A surfaces is only 
slightly decreased. 

Regarding the new dislocation etch pits develop- 
ing on both the A and B surfaces in the presence of 
inhibitors, their formation is apparently related to 
a decrease in v* and v?. These new etch pits can 
be associated with £ dislocations on the A surface 
and with « or f dislocations on the B surfaces. 
There are indications that some of the new pits 
may be associated with screw dislocations. Any 
further discussion on the formation of these new 
pits must be postponed until more is known about 
the nature of the dislocations with which they are 
associated. 
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THE OXIDATION OF INTERMETALLIC COMPOUNDS—III 
THE ROOM-TEMPERATURE OXIDATION OF A™BY COMPOUNDS* 


A. J. ROSENBERG 
Lincoln Laboratory, Massachusetts Institute of Technology, Lexington 73, Massachusetts 


Abstract—The oxidation of vacuum-crushed InSb, GaSb, AlSb, InAs, GaAs and InP has 
been studied at 26°C, and the kinetics have been analyzed in terms of the empirical function, 
n = —dlogV/0X. (The general utility of 7 and the associated function, ¢€ = 7X, in the kinetics analysis 
of protective surface reactions is discussed in detail.) Maxima in 7 are observed at 2:5 x 104 and 
1:35 x10!5 oxygen atoms/cm? on the antimonides and the arsenides, respectively. The reaction of 
InP exhibits no distinct maximum in 7; otherwise, it resembles that of the arsenides. The results 
are interpreted in terms of metastable surface complexes whose formation precedes the initiation of 
true oxide growth. The composition of these intermediates is dictated largely by the nature of the 
BY atom in the substrate. The associated kinetics depend systernatically, however, upon the A! 
atoms. Thus, the rate of complex formation decreases in the order Al>In>Ga, while the rate of 


oxide formation decreases in the order In >Ga>Al. 


INTRODUCTION 

THE unusual physical and chemical properties of 
the AMIBV semiconducting intermetallic com- 
pounds are the subject of growing scientific and 
technological interest. The earlier papers in this 
series; 2) considered the effects of these properties 
upon the high temperature (212°-494°) oxidation 
of the representative compound, InSb. The 
present paper is concerned with the reactions of 
oxygen with InSb, GaSb, AlSb, InAs, GaAs and 
InP at room temperature. Evidence is presented 
for the formation of metastable intermediate com- 
plexes whose structure depends primarily upon 
the BY atoms but whose stability depends upon 
the All atoms. The results also provide a decisive 
kinetic delineation between the formation of the 
complexes and the subsequent initiation of true 
oxide structures. 


EXPERIMENTAL PROCEDURE 
Pure single crystals were crushed and appor- 
tioned to sample chambers appended to a sealed 
all-glass apparatus which had been baked out 
under high vacuum. The essential features of this 


* The work reported in this paper was performed by 
Lincoln Laboratory, a center for research operated by 
Massachusetts Institute of Technology with the joint 
support of the U.S. Army, Navy and Air Force. 
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procedure have been described previously. 4) It 
has been shown) in another study dealing with 
the oxidation of germanium that the outgassing of 
the glass walls after the prolonged vacuum bakeout 
is insignificant compared to the monolayer capacity 
of the crushed samples. The sample chambers, 
containing ca. 0-5g of material with 1000-3000 cm2 
of fresh surfaces, were sealed off from the 
crushing apparatus and connected through break- 
seals to a gas adsorption apparatus of a type 
described elsewhere.‘®) The temperature of the 
sample chambers was maintained at 26-2+0-2°C. 
Oxygen uptake was measured by following pressure 
changes at constant volume from the time of break- 
ing the seal to as long as 5 days. The use of a 
thermistor manometer) permitted continuous 
pressure measurements with a precision of one 
part in 10,000. With this precision, the absolute 
rate at which the pressure decreased during a run 
could be restricted to small values by adjusting the 
free volume in the system. The occasional admission 
of additional oxygen into the system sufficed to 
maintain the pressure between 400-450 yu. 

At the conclusion of each experiment the surface 
area was determined through measurements of 
krypton adsorption at — 195°C.) A precise des- 
cription of each krypton isotherm was obtained 
through the B.E.T. equation) with C>100. The 
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surface areas were calculated using oxr = 19-4 A; 
the absolute values for the surface areas may be as 
much as 20 per cent in error, but the uncertainty in 
the relative values is less than 1 per cent. 


RESULTS 
™ Since the rate of oxygen sorption decreases by 
as much as 5 orders of magnitude during a run, 
the most convenient expression of the data is a 
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DISCUSSION 

General features of the reaction 
In contrast to the behavior of germanium and 
silicon, ®) which are shown for comparison, in Fig. 
1, the rates are not logarithmic; i.e. NA A+B log t. 
Except for InP, each curve is characterized by a 
region with negative curvature followed by a broad 
transition into a region of positive curvature. The 
inflection clearly signals the onset of a new stage 


OXIDATION 


OF am,™ INTERMETALLIC COMPOUNDS 26.2°C 


OXYGEN ATOMS PER x 


plot of N vs. log t where N is the uptake of oxygen 
atoms normalized to unit surface area and ¢ is the 
reaction time. The results are so summarized in 
Fig. 1. Each curve is drawn through more than 
fifty experimental points, the relative uncertainty 
in each point being less than the thickness of the 
curve. 

No measureable quantity of oxygen could be 
desorbed by interrupting the reactions and pump- 
ing at 26°C, The sorption is, therefore, essentially 
irreversible. 


100 
MINUTES 


Fic. 1. Kinetics of the oxidation of A™'BY compounds. 26-2°C, oxygen 
pressure = 0:40-0:45 mm. 


of reaction. Aside from this, it is also evident that 
the behavior of the antimonides is distinct as a 
class from that of other compounds. 

As will be shown below, the average surface 
atom density on the surfaces of crushed ATUBV 
compounds is approximately 7 x 1014 cm-2. Unless 
the curvatures reverse at times much less than 1 
min, the surface coverage of each compound will 
be well under a monolayer of oxygen atoms in re- 
action times less than 1 sec. This implies that the 
sticking coefficient of oxygen is very small, 
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Table 1. Characteristics of the » and « functions 


Reaction X(t) n=—(é log =—(0 log V/é log X) 
| | 

Non-protective: | 

auto-catalytic — <0 <0 

linear | X=A+Bt 0 0 
Protective: | 

parabolic | X2?=A4+Bt 1/X 1 

general parabolic | X®4+CX =A+Bt | 2/(2X+C) 2X/(2X+C) 

cubic A+Bt 2/X | 2 

quartic | X*=A+Bt 3/X | 3 

logarithmic | X = A+B In(t+to) | 1/B X/B 


probably less than 10-5, consistent with the re- 
sults of HANEMAN’s'®) electron diffraction studies 
on cleaned InSb surfaces. 

Nevertheless, the sorption of a monolayer of 
oxygen is readily attained at 26°C on InAs, GaAs 
and InP, while two or more monolayer equivalents 
are rapidly sorbed by the antimonides. In each case 
the sorption of oxygen continues at an ever 
diminishing rate, and the surface apparently 
approaches a metastable configuration. The rate 
of approach to this configuration decreases, for a 
given BY atom, in the order Al>In>Ga. 

The kinetic characteristics associated with these 
configurations are best examined through using 
a simple set of empirical functions which arise 
from a general consideration of protective surface 
reactions. 


The kinetic analysis of protective surface reactions 
A “protective” surface reaction is any hetero- 
geneous process in which the rate decreases al- 
though the external variables are manifestly con- 
stant. Examples are concentration polarization, 
chemisorption, catalytic poisoning, tarnishing, 
scale formation and indiffusion. The effect generally 
originates in a chemical or electrochemical change 
in the configuration of the interface across which 
the reaction proceeds. The fundamental variable 
is, therefore, the extent of reaction (X) rather than 
the time of reaction (t). If V = dX/dt is the rate 
for given values of the external variables, it is 
generally more meaningful to examine the em- 
pirical function V(X) than V(t). An obvious 
example lies in the estimation of activation 


N 


energies, where it is only the temperature depen- 
dence of V(X) that has significance. 

When “protection” results from the creation of 
a new phase at the interface, as in chemisorption 
(where X is the fractional coverage of the surface), 
or in tarnishing or scaling reactions (where X is 
the film thickness), two useful functions for data 
analysis are found to be: 


n = —@log V/éxX 
—@logV/é log X = 


Both functions are always positive for protective 
reactions, since the rates decrease with X. Their 
dependence on X for several well-known rate 
equations are shown in Table 1. The three 
principal reasons for their utility are: 

(1) They permit a classification of the kinetics 
at any stage of a protective reaction, particularly 
since their values are in most cases, simple and in- 
dependent of integration constants. 

(2) They readily delineate transitions between 
rate-controlling reaction steps in the same mech- 
anism or transitions between different mechanisms. 

(3) They are independent of the values of ex- 
ternal variables, such as temperature and pressure, 
if the effects of these variables upon the rate are 
separable by factoring. They provide, therefore, 
a useful test for the validity of factoring. 

The use of the e-function in delineating a tran- 
sition between mechanisms in the high temperature 
oxidation of InSb, and in identifying the nature of 
these mechanisms was illustrated in the earlier 
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Nmax (26°) 
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Table 2. Composition of the metastable configurations 


Nmax (71°) 


oxygen atoms/cm? x 10-15 


oxygen atoms per 
surface atom 


GaSb 2°46 
AlSb 2°65 
InAs 1-4 


papers of this series. The present results will now 
be considered in terms of the -function. 


The transition from “chemisorption” to oxide 

formation in the A™!BY compounds 

In the present experiments the variable N is a 
measure of the extent of reaction. Thus N is identi- 
fied with X and dN dt with V in the general ex- 
pression of 7 and e. In the present context, 7 is the 
more useful function and can be derived from the 
data of Fig. 1. The results are plotted against N in 
Fig. 2. 


| 
TRANSITION FROM “CHEMISORPTION ' | 
TO OXIDE FORMATION 26°C 

100 - Si 
AISb 
GoAs 
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Fic. 2. Transitions from “‘chemisorption’’ to oxide 
formations. 


Except for InP,+ 7» initially rises with increasing 
N. This is characteristic of an approach to a stable 
configuration in which 7 would be infinite. The 


>3°-8 
2°41 3-24 


2:72 3°51 


1-40 1°89 
1-46 


configuration is never attained, however, since the 
compounds are thermodynamically unstable in 
oxygen. The beginnings of true oxide formation, 
presumably involving thermal or field induced 
diffusion of crystal defects, are clearly seen through 
the subsequent fall of ». A natural consequence of 
the latter mechanism is the approach of ¢ to a con- 
stant value between 0-5 and 2-0 as N increases, ?: 9) 
This has been verified for InSb at 212°C“ where 
e becomes equal to 1-4 at N = 5 x 1015 atoms/cm? 
and remains unchanged to N = 11 x 1015 atoms 

cm?. (10) 

It seems probable that, in each case, a value of 
N exists which uniquely defines the metastable 
configuration. While the proper value is obscured 
by the onset of the next stage of reaction it is likely 
to be close to Nmax, where the maximum in 7 is 
observed. The magnitude attained by 7 in the 
region of Nmax is a measure of the stability of the 
configuration; the stability decreases, accordingly, 
in the order AlSb®GaAs>GaSb>InAs> InSb. 

If Nmax does define a unique system it should be 
invariant with temperature. Preliminary experi- 
ments at 71°99 give values of Nmax which are 
virtually the same as at 26° for AlSb, GaSb, InAs 
and GaAs; the value for InSb is shifted, however, 
to a significantly higher value (‘Table 2). 


+ InP differs from the remaining compounds in that 
its initial reaction rate is logarithmic; i.e. 7 = constant. 
The existence of a distinct metastable system is thus 
questionable. In this respect the oxidation of InP at 
26°C resembles that of Ge at 360°C where 7 is initially 
constant but then falls off, leading to a constant value 
of €,(5) 


178 
Ninax 
Compound 
GaAs 1°30 
InP (>1-05) (>1°3) 
VOl 
14 
Ge 
>! 
z 
50- 
InAs 
— | 
| InP GoSb 
25+ 
InSb 


THE OXIDATION OF INTERMETALLIC COMPOUNDS~—III 179 


Table 3. Estimation of surface atom density of crushed A™BY compounds, germanium and silicon 


Estimated'!) proportions on fractured 


Material surfaces ao(A) (atom/cm?) 
(111) | (110) (100) 
InSb 0:25-0:30 0:70-0:75 0 6°48 6°45 x 10-14 
GaSb 0:20-0:25 0:75-0:80 0 6:09 7:35 x10-14 
AlSb 0:05-0:10 0:90-0:95 0 6-10 7:60 x 10-14 
InAs 0:15-0:20 0:80-0:85 0 6:06 7:45 x 10-14 
GaAs 0-08-0°-15 0-85-0-92 0 5-63 8:78 x 10-14 
InP 0:15-0:20 0-80-0°85 0 5-86 8-00 x 10-14 
Ge 0-65-0-70 0:05 0-25-0-30 5-65 7:00 x 10-14 
Si |  0-60-0-70 0-05 0:30-0:35 5-43 7-40 x 10-14 
VOL. Surface atom densities: 
1 4 
(111) = 2/(V 2a02), 


(110) = 4/(V 3ao2), 
(100) = 2/ao2 


The surfaces obtained by fracturing the A!™BV 
compounds lie normal to some direction in the 
<110>-<111) crystallographic zone. Any such 
plane may be regarded as a stepped mixture of 
pure (110) and (111) planes. Since the proportion 
of the two has been estimated by Wo trFr!)), it is 
possible to calculate the average atom density on 
surfaces exposed by crushing. The appropriate 
factors for converting N to N*, where N* is the 
number of oxygen atoms per surface atom are de- 
veloped in Table 3. An uncertainty of 10 per cent 
in the proportions of (110) and (111) character will 
not significantly affect the results. These factors 
have been used to convert Nmax to N*j\ax in Table 2. 


Nature of the intermediate configurations 

The most prominent results pertaining to the 
metastable configurations are (1) the high values 
of Nitax, particularly for the antimonides, and (2) 
the distinct grouping of Nmax for the antimonides 
and for the arsenides (Table 2). The irreversible 
quality of the reactions suggests that oxygen atoms, 
rather than molecules, are ultimately involved in 
the chemical bonding. The value of 3-4 oxygen 
atoms per surface atom is too high to be explained 
plausibly by the chemisorption of oxygen on the 
original surface atoms alone, so that additional 
atoms probably take part in the formation of the 
intermediate structures. One moves, therefore, 
from the usual concept of chemisorption, where the 


structure of the adsorbed layer is determined 
primarily by the structure of the underlying sur- 
face, to the concept of complex formation, in which 
the film can have a chemical and structural identity 
of its own. 

In this connection it is significant that the dis- 
tinction between the arsenides and the antimonides 
(Table 2) has a parallel in the classical oxygen 
chemistry of the Group V elements.“*) While 
antimony is octahedrally coordinated by oxygen, 
arsenic and phosphorous are tetrahedrally co- 
ordinated in their oxygen complexes. No such dis- 
tinction exists among the Group III elements 
where octahedral coordination is generally ob- 
served. Thus, a large shift in Nmax in going from 
the arsenides to the antimonides, and a small effect 
of changing the A™! atoms, is more consistent with 
the behavior of the atoms in their normal oxygen 
compounds than with the behavior to be expected 
of atoms that are still covalently attached to the 
surface of a zincblende structure. 

The conclusion to be drawn from this admittedly 
heuristic argument is that the composition and 
structure of the complex depends more upon the 
inherent chemical properties of the atoms in the 
substrate rather than on the properties peculiar to 
the substrate itself. It should be noted that one 
cannot, on the basis of the present data, exclude 
the possibility that complex formation proceeds 
through several stages in which several discrete 
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structures may be involved. Further work is 
necessary before one can define the structure of 
the complexes and the mechanisms by which they 
are formed and superseded. 
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SECTION V. ORDINARY SURFACES OF GERMANIUM 


AND SILICON 


OBSERVATIONS OF SURFACE TRANSVERSE MAGNETO- 
RESISTANCE EFFECTS ON n-TYPE GERMANIUM* 


W. A. ALBERS, Jr.{ and J. E. THOMAS, Jr.t 
Wayne State University, Detroit, Michigan 


Abstract—New techniques of preparing thin semiconductor samples of uniform thickness have 
been developed, which allow for high sensitivity in the measurement of surface effects. Measure- 
ments of the surface transverse magnetoresistance effect first reported by ZEMEL and PETRITz have 
been extended to lower resistivity n-type material of different crystallographic orientation. Data 
were obtained for directions of the magnetic field both in and perpendicular to the plane of the thin 
films. Large swings in surface potential were accomplished by employing an HF rinse prior to 
ambient cycling. Observations of surface transverse magnetoresistance effects as a function of surface 
potential at fixed magnetic field strengths, and as a function of magnetic field strength at fixed surface 
potentials are reported. The analysis of the data requires a general solution of Poisson’s equation 
which does not employ the semi-infinite geometry in order to ascertain values of the electric field at the 
surface of a semiconductor. This general solution is presented for several special cases of sample 
thickness and resistivity and the deviations from the semi-infinite geometry solutions are delineated. 
Finally, the observations of the surface transverse magnetoresistance effect are discussed in view of 


the present theoretical model of the surface. 


1. INTRODUCTION 
Stupies of the surface properties of semi- 
conductors through observations of surface trans- 
port phenomena require a knowledge of the effect 
of the surface scattering of carriers which is reflected 
in the carrier mobilities. SCHRIEFFER™) has de- 
veloped a theory of the reduction of the con- 
ductivity mobility for carriers near the surface of a 
semiconductor subject to the condition of random 
scattering at the surface. Recently, ZEMEL®) 
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extended this theory to include transverse magnetic 
fields. Using expressions developed by Petritz®) 
for the surface galvanomagnetic coefficients as 
functions of effective mobilities and surface carrier 
concentrations, ZEMEL and PEtritz: 5) were first 
to experimentally study surface Hall and magneto- 
resistance coefficients for shallow space-charge 
potential wells. 

MIssMAN and HANDLER“) have recently reported 
observations of the surface Hall coefficient for deep 
space-charge potential wells on n-type germanium. 
These studies have served qualitatively to verify 
the reduction in mobilities due to random surface 
scattering of carriers and, further, have pointed out 
the important role of light holes in surface trans- 
port phenomena. 

We have obtained simultaneous measurements 
of conductivity and magnetoresistance on rela- 
tively low resistivity n-type germanium employing 
special surface treatments in order to extend the 
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data to space-charge potential well depths on n- 
type material intermediate between those reported 
by ZemMeL and Perritz) and MissMAN and 
HANDLER®),* Large sample surface-to-volume 
ratios were accomplished by employing recently de- 
veloped etching techniques, resulting in uniform 
sample thicknesses of the order of 1-10 » (10-4 
10-8 cm). We have further observed the magnetic 
field strength dependence of the surface magneto- 
resistance effect for small magnetic fields at con- 
stant space-charge potential well configurations. 


2. EXPERIMENTAL 
Sample blanks were prepared in the form of 
rectangular slabs cut from oriented single crystal 
germanium boules. The blanks were subsequently 
shaped to the form shown in Fig. 1 by using a 


OO! 
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Fic. 1. Details of sample dimensions and orientation for 
magnetoresistance measurements. Al] dimensions are in 
centimeters. 


White ‘“Airbrasive’’ sandblasting unit. Sample 
orientation and approximate dimensions are also 
delineated in Fig. 1. After lapping to a suitable 
thickness and soldering contacts at the ends, the 
samples were mounted on glass forms for support. 
A rectangular hole was centered in the glass form 
so that the filament portion of the sample was free. 

The thin film region of the sample is indicated 
by the shaded area in Fig. 1. This was accom- 
plished by two different etching techniques. The 


* This range of surface potentials has been covered on 
p-type intrinsic material.) 


first was a photoelectrolytic etching method des- 
cribed by ALBERS and THomas‘?), wherein the 
n-type semiconductor is made the azode of cn 
electrolytic cell and is illuminated with penetrating 
radiation in the area to be etched. The second 
approach consisted of a stream chemical etch using 
the H2O2g:HF:H20 system. Control of final thick- 
ness was obtained by water dilution of the etchant 
as etching progressed. The etchant stream was 
constrained to the desired area to be etched by 
polyethylene guide strips. In both cases, the re- 
sulting sample geometry was such that the thin 
samples had bulky end contacts, and the total re- 
sistances of the samples were consequently 
dominated by the resistance of the thin portions. 
In this manner, several n-type germanium samples 
were prepared which had uniform thicknesses in 
the range of 2-10 yw, as measured by the trans- 
mission of a beam of X-radiation collimated by a 
0-001-in. diameter pinhole. 

The method of measuring conductivity and 
magnetoresistance effects followed that reported 
by ZeMEL and Petritz™), as depicted schematically 
in Fig. 2. The d.c. amplifier used was the General 
Radio 1230—A, the output of which was fed, through 
a potential divider network, to a recording potentio- 
meter. With no applied magnetic field, the conduc- 
tivity voltage across the sample was bucked out. 
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Fic. 2. Schematic representation of measuring apparatus. 


Leeds Northrup type-K2 potentiometer. 
Bucking voltage source. 
D.C. amplifier and electrometer. 
Recorder sensitivity control. 
Leeds Northrup Speedomax recorder. 

. Sample ballast resistor. 

. Standard resistance. 
Current reversing switch. 
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Upon placing the sample in the field of a 4-in. 
electromagnet, the resulting change in sample re- 
sistance was observed directly on the recorder. 

The surface potential and, consequently, the 
shape and depth of the space-charge potential well, 
were varied by exposing the sample to atmospheres 
of wet nitrogen, dry oxygen and dry ozone. The 
use of a gas proportioner allowed for various 
mixtures of these gases to be used as ambient, 
facilitating measurement at constant surface 
potential. By rinsing the sample in HF prior to 
placing in the sample holder, relatively deep 
potential wells appeared on n-type germanium 
corresponding to highly p-type surfaces. This was 
checked by small signal a.c. field effect observa- 
tions and also was consistent with the observed 
changes of conductivity with changing ambient 
atmosphere. As the HF-treated surface aged, the 
surface conductivity drifted back in the direction 
of the n-type condition. Upon ambient cycling at 
successive intervals during this drift, a wide range 
of surface type was obtained. A tentative explana- 
tion of the results of the HF rinse is that the HF 
removes some of the oxide layer, apparently to the 
extent that the surface begins to approach the 
“clean’”’ state described in Ref. (6), resulting in a 
surface which is p-type. Subsequent regrowth of 
the oxide then is associated with the drift towards 
an n-type surface. On the other hand, the purity 
of the HF used for the rinse was in poor control 
due to the presence of organic masking material 
that protected sample leads, and it could very well 
be that impurities were contributing to the 
observed effects. 


3. RESULTS AND DISCUSSION 

Measurements were performed on several n- 
type samples in the resistivity range of 7-12 Q-cm. 
The results were qualitatively similar for all of 
the samples in this range and we thus restrict our 
attention to a representative 8-5 Q-cm sample. 
There were, further, no apparent differences in 
samples prepared by the photoelectrolytic and 
chemical stream etching methods. 

Measurements of the transverse magnetoresis- 
tance perpendicular to the sample surface vs. 
reduced conductivity change are plotted in Fig. 3. 
The points were obtained by smoothing data which 
were obtained from several runs on several differ- 
ent days. The solid curve in Fig. 3 results from best 
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fit calculations using the expressions of PeTritz®) 
for the three-band model, neglecting correlation 
and bulk hole terms. The best fit parameter was 
the ratio of light to heavy holes, resulting in a value 
for this ratio of 0-022, in good agreement with 
other workers.8-11) The values of effective 
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Fic. 3. Experimental and theoretical magnetoresistance 
coefficients for 8:5 Q-cm n-type germanium (sample 
M-8): H in (110) directions; J in (100) direction; sample 
thickness of 7 x 10-4 cm. 


© Experimental | 


— Theoretical 


+ Experimental H,, 


mobilities used in the calculations were obtained 
from the work of ZEMEL and SCHRIEFFER®) for the 
linear space charge model. The magnetoresistance 
effective mobility was assumed to be equal to the 
Hall effective mobility. 

The values of excess carriers at the surface used 
in the calculations were determined by a general 
solution of Poisson’s equation. Previous solutions 
of this equation have been based on a semi-infinite 
geometry, (8-10) which no longer can be expected 
to apply for thin samples. It was found that the 
semi-infinite geometry solutions apply for sample 
thicknesses greater than aI.p, where « is a function 
of the initial bulk resistivity. The value of « must 
be determined for each resistivity by numerical 
integration of Poisson’s equation. (A plot of « vs. p 
is presented in Fig. 4 for germanium as obtained 
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from numerical solutions of Poisson’s equation.) 
The appropriate general solutions for the surface 
excesses were used for films that were thinner than 
the corresponding value of «Lp. my 

The choice of the reduced conductivity change 
as abscissa in Fig. 3 was made for ease of com- 
parison with the data of ZemMeL and Petritz(: 5), 
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Fic. 4. Plot of « vs. resistivity, p, defining germanium 
sample thicknesses for which the surface excesses do not 
deviate more than 1 per cent from those obtained in 
Ref. (8) for a semi-infinite geometry. 


and the shape of the present curve is qualitatively 
similar to their published results. Of particular 
interest is the striking peak in the experimental 
points near the conductivity minimum which is 
attributed to the light hole contributions. The 
experimental and theoretical curves are in fair 
qualitative agreement, and the discrepancies might 
be due to a number of factors: 

(a) the energy dependence of the relaxation time 
was neglected in the development of the 
theoretical curves; 

(b) the linear space charge approximation is 
inaccurate; 

(c) the many-valley nature of the conduction 
band was neglected ; 


(d) light holes were assumed to obey the same 
effective mobility variations as heavy holes. 
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The incorporation of these factors in the develop- 
ment of analytical expressions for the galvanomag- 
netic coefficients is expected to yield a more 
realistic comparison of experiment and theory. 
The range of surface potential represented by 
the data of Fig. 3 can best be appreciated with the 
aid of Fig. 5. Here is plotted the theoretical curve 


14 


Fic. 5. Reduced conductivity change vs. reduced surface 

potential for 8:5 Q-cm n-type germanium calculated 
from theory. 


of the reduced conductivity as a function of re- 
duced surface potential us = g¢s/kT. Upon com- 
parison with Fig. 3, it will be noted that the surface 
potential ranges from approximately +5 to —9 
units of kT, the —9 corresponding to a highly p- 
type surface on the n-type germanium sample. 
Comparing these results with those of Refs. (4) and 
(6) indicates that our range of surface potential 
bridges the gap in the p-type surface potential that 
existed in previous work. 

Also plotted in Fig. 3 are the smoothed experi- 
mental data obtained for the transverse magneto- 
resistance coefficient with the field in the plane of 
the thin sample. Analytical expressions developed 
parallel to Perritz’) approach assuming a con- 
stant Hall field in the direction of the thin dimen- 
sion of the sample failed to predict the observed 
differences between the perpendicular and parallel 
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field cases. The assumption of a constant Hall 


field is undoubtedly poor here, and further work 
on the problem of crossed electric and magnetic 
fields in the plane of thin semiconductor will be 
necessary in order to analyse the data satisfactorily. 

The low magnetic field dependence of the trans- 
verse magnetoresistance effects are plotted in Fig. 
6 for several different constant values of surface 
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holes in surface transport phenomena. The gap"in 


potential well depth in the reported work of 
others‘ 6) on n-type germanium has been bridged 
and the reduction in mobility is qualitatively 
similar. There is no evidence that the low magnetic 
field surface magnetoresistance effect cannot be 
interpreted in terms of bulk transport mechanisms, 
provided surface scattering is taken into account. 
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potential. In the range of magnetic field strengths 
used, the data obey the H? dependence character- 
istic of bulk magnetoresistance effects. It will be 
noticed that there is no apparent difference in the 
perpendicular and parallel field cases other than the 
reduction in the magnitude of the effect for parallel 
fields. It is concluded that if the transport phen- 
omena at the surface rely on different mechanisms 
from those in the bulk, they are not observable at 
the low field strengths investigated. This, of 
course, does not rule out the possibility that large 
magnetic field observations may yield indications 
of deviations from the bulk transport mechanism. 


4. CONCLUSIONS 
The data presented verifies the importance of 
the random scattering process and the role of light 
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Fic. 6. Magnetoresistance effect vs. magnetic field at several values of 
constant surface potential: H in (110) directions; Jin (100) direction; n-type 
germanium (M-8) thickness of 710-4 cm. (a) (¢—omin)/omin = 0°50 
n-side; (b) (e—omin)/omin = 0-04 n-side; (c) (c—omin)/omin = 0°41 p-side. 
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SURFACE MOBILITY MEASUREMENTS IN GERMANIUM 


A. MANY, N. B. GROVER, Y. GOLDSTEIN and E. HARNIK 


Department of Physics, The Hebrew University, Jerusalem, Israel 


Abstract—Measurements are reported of the surface mobility in accumulation layers of germanium 


at low temperatures, and results obtained are compared with the theoretical calculations of 
ScHRIEFFER. Advantage is taken here of the relatively slow thermal release of charge from many of 
the surface states into the majority-carrier band at sufficiently low temperatures. By the use of the 
pulsed field-effect technique, a rapid decrease in majority-carrier concentration within the space- 
charge region is effected. The change in surface conductance measured at the onset of the pulse, 
before the deficit induced can be redistributed between the states and the majority-carrier band, 
then becomes a direct measure of the majority-carrier surface mobility. 

The results for n-type samples show that SCHRIEFFER’s corrections for electrons are overestimated. 
On the assumption that the theoretical values are valid for accumulation layers, it is concluded that 


the surface is not a completely diffuse scatterer. 


INTRODUCTION 

SuRFACE conductivity has been extensively em- 
ployed in the study of semiconductor surfaces as 
it is the most convenient and accurate measure of 
the barrier height V;. The value of Vs can be de- 
termined"-3) from a knowledge of AP and AN, 
the surface hole and electron densities in excess of 
the densities at flat-band conditions (Vs; = 0). 
These latter are in turn connected with the change 
in surface conductivity Ao by the equation 


Ac = q(upsAP+pnsdN) (1) 


where pps and pins are the effective surface mobili- 
ties associated with AP and AN. 

The surface mobilities are expected to be lower 
than the respective bulk values due to the scatter- 
ing present at the surface in addition to the normal 
bulk scattering processes.) For small values of 
|V’s| it is common practice to use the bulk mobility 
values in equation (1). For strong inversion or deep 
accumulation layers, however, either the holes or 
the electrons are constrained to move along a deep 
potential well and, as a result, the reduction in 
mobility may become very considerable. Hence 
within this range a knowledge of the dependence 
of the surface mobility on Vs is essential for de- 
ducing V; from measurements of Ac. More im- 
portant still, such information should shed light 
on the nature of the scattering processes at the 
surface. 
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Assuming the surface to be a completely diffuse 
scatterer, SCHRIEFFER®) has calculated the surface 
mobilities as a function of barrier height. The 
nature of his approximations makes the results 
adequate only for strong inversion layers. Several 
attempts(*-7) have been made to improve these 
calculations. In particular, FRANKL‘: §) has been 
able to extend the application of the theory to 
small |V| values and to accumulation layers. 

It would be highly desirable to check experi- 
mentally whether the diffuse-scattering model is 
valid. Such measurements are rendered difficult, 
however, by the presence of fast surface states. 
Were these states absent, the surface mobility 
would have been easily deducible from field-effect 
measurements. In this case AN and AP would be 
given directly by the known induced charge.) 
But, because of the surface states present, the 
fraction of the induced charge which is mobile is 
not known, and the measured change in surface 
conductivity yields only the product ppsAP or 
tensAN. Additional information is thus necessary 
to separate the two unknowns. One possibility is 
to measure the space-charge capacitance, 1° and 
from this to evaluate AP or AN. Such measure- 
ments are difficult as the series geometric capaci- 
tance cannot be made large enough to permit 
accurate detection of changes in space-charge 
capacitance which, in the region of interest, is of 
the order of 0-1yuF/cm?. Another possibility, 
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employed by Petritz and ZEMEL 1-14), consists of 
measuring the surface Hall coefficient and mag- 
netoresistance. These authors conclude that the 
surface is essentially a diffuse scatterer as assumed 
by SCHRIEFFER. 

A different approach to the problem would be 
to attempt to reduce the density of the fast states 
on the surface by suitable chemical treatments. In 
this manner, most of the induced charge in the 
field-effect experiment would appear in the space- 
charge region and would thus contribute to the 
change in surface conductivity. Measurements 
along these lines were carried out by MILLEa and 
Hai") on low resistivity samples, and their re- 
sults indicate that the reduction in mobility pre- 
dicted by SCHRIEFFER is overestimated. 

In this paper the experimental procedure is 
chosen with the purpose of eliminating the effect 
of the surface states rather than reducing their 
density. Advantage is taken here of the relatively 
slow thermal release of charge from the states into 
the majority-carrier band at low temperatures. By 
the use of the pulsed field-effect technique, a rapid 
decrease in majority-carrier concentration within 
the space-charge region is effected. The change 
in Ao is then measured at the onset of the pulse, 
before the deficit induced can be redistributed 
between the band and the states. In this manner 
Ao can be obtained as a function of the majority- 
carrier excess density, and from this the surface 
mobility can be evaluated as a function of Vs. 

Results of surface mobility in accumulation 
layers are presented for several germanium 
samples. The results obtained are compared with 
theoretical values based on SCHRIEFFER’S calcula- 
tions.) It is found that for deep accumulation 
layers in n-type samples the experimental points 
usually lie well above these calculated values. On 
the assumption that the theoretical data are valid 
in this range, it is concluded that the surface is not 
a completely diffuse scatterer. For p-type samples, 
no definite conclusions can be drawn from the data 
obtained so far. 


EXPERIMENTAL METHOD 
The germanium samples studied were rec- 
tangular filaments about 10 mm long, 3 mm wide 
and 0-3 mm thick. Following a chemical etch they 
were mounted on a jig with thin (10) Mylar 
spacers separating the two larger surfaces from the 
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field electrodes. The jig was inserted into a cryo- 
stat in which the temperature could be controlled 
between 100 and 300°K. The measurements were 
carried out in vacuum except those at 80°K which 
were made while the jig was immersed directly in 
liquid air. 

The purpose of the measurement is to obtain 
the change in Aco at the onset of the pulsed field as 
a function of pulse amplitude. Instead of varying 
the pulse amplitude, however, a constant-ampli- 
tude pulse 5V is used which can be switched on and 
off the field plate in series with a variable biasing 
a.c. or d.c. voltage, as shown in Fig. l(a). The 
same pulse independently activates the Wheatstone 
bridge consisting of the filament, a decade resistor, 
and two fixed resistors. The CRO serves as a null 
indicator and also to display the changing filament 
conductance throughout the duration of the pulse. 
The measuring sequence is as follows. The bridge 
is balanced and the filament resistance Ry read on 
the decade resistor. The pulse 5V, of polarity such 
as to repel majority-carriers from the surface, is 
then switched on at the field plate. The decade 
resistor is readjusted to balance the bridge as close 
to the onset of the pulse as the circuitry permits 
(~10 psec.). The pulse is then switched off the 
plate and the plate voltage (a.c. or d.c.) is adjusted 
so as to restore bridge balance. The pulse is now 
switched on again and the process repeated. Figure 
1(b) illustrates this sequence for the case where the 
biasing voltage is a 50-cycle alternating source. 
The pulse is synchronized“ with the crest of the 
a.c. voltage. In this manner a series of values of 
filament resistance (R¢)n is obtained, each corre- 
sponding to the number of times m that the pulse 
has been switched on. This is equivalent to a 
measurement of the filament resistance as a 
function of ndV, the voltage of a pulse whose 
amplitude is varied in steps of 5V (with no bias- 
voltage). 

The maximum resistance of the filament, corre- 
sponding to the minimum of surface conductance 
Aomin, is derived from the usual d.c. field-effect. 
The various (Ac)n values corresponding to (Ry)n 
are then computed by reference to Aomin. If one 
assumes, as pointed out above, that no surface 
states are involved in this process, then the mobile 
charge induced is proportional to ndV. This 
enables the evaluation of the barrier height Vs for 
each value of n. 
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RESULTS 

In the measurements described minority-carrier 
effects are completely absent, so that the samples 
studied constitute in effect single-carrier systems. 
This is insured by using extrinsic material at low 
temperatures and confining the equilibrium value 
of the barrier height to the appropriate region. 
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In Fig. 2 are shown the results of measurements 
on an n-type sample at 80°K. In Fig. 2(a) Ac is 
plotted as a function of the effective pulse ampli- 
tude SV (5V = —24 V) applied to the field plate 
as described in the previous section. As all the 
induced charge is assumed to appear as a change 
in the concentration of mobile majority-carriers 


FIELD PLATE 


DECADE RESISTOR FILAMENT 


“4 AMPLIFIER = 
- AND CRO | 


ac. VOLTAGE POLARITY 


SINE-WAVE HALF-CYCLE (10 msec) ——— 
—TIME ——> 


Fic. 1. (a) Schematic outline of the experimental set-up. 
(b) Illustration of the measuring sequence for deriving 
Ao as a function of n8V. The heavy solid lines corre- 


Only when the minimum"of surface conductivity 
is being determined do minority carriers play any 
role. In this latter procedure time is allowed for 
the surface states and the two bands to attain 
equilibrium conditions. Actually, however, even 
at the minimum the surface excess of minority 
carriers is negligible compared to the surface 
excess (or rather deficit) of majority carriers. 
Once Acmin has been determined, the measure- 
ments are made under conditions where the 
majority-carrier band is in equilibrium with the 
induced charge whereas the surface states and 
minority-carrier band are not. These conditions 
exist for a.c. and pulsed fields at sufficiently low 
temperatures. In such measurements it is possible 
to swing the majority-carrier band over a con- 
siderable range in the depletion region, even far 
beyond the position corresponding to Aomin. 


spond to the display on the CRO. 


(electrons), the barrier height Vs can be computed 
at any point along the curve from the experiment- 
ally-known induced charge and from the theo- 
retically-known : 2) value of AN corresponding to 
Aomin. The initial bias voltage is so chosen in the 
figure that the origin corresponds to flat-band 
conditions (Vs; = 0). Consider first the negative 
quadrant (V;<0). It is seen that the experimental 
points lie on a straight line up to Vx —80 V. 
This corresponds to values of |Vs| up to several 
times the forbidden gap (Fig. 2b). For larger |V | 
the experimental points (circles) begin to deviate 
from the straight line due to the progressively de- 
creasing space-charge capacitance as | Vs| increases. 
The induced charge gAN is no longer proportional 
to V but to V—Vs. The crosses in Fig. 2(a) are 
replots of Ao versus V— Vs. These are seen to fall 
exceedingly well on the extension of the straight 
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line obtained for smaller values of |Vs|. The slope 
of this straight line is in remarkable agreement with 
that computed from the electron bulk mobility. 
Besides the obvious conclusion that the surface 
mobility is equal to the bulk mobility for large 
negative barriers, these results prove conclusively 
that in this region there are no surface states 
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Fic. 2. (a) Typical results (circles) of Ao versus the 
effective pulse-voltage V, for an n-type sample 
(T = 80°K). The crosses represent a replot of Ac versus 
V—Vs, where Vs is the barrier height. (Ve is the 
voltage drop across the geometric plate-to-surface 
capacitance Cg.) 
V = VetVs 
gAN = Ce Ve = Ce(V—Vs) 
AN ~const. X\/ Vs 


(b) Vs versus effective pulse-voltage, as computed from 
the equations appearing above. 


characterized by release times smaller than the 
resolution time of the experimental apparatus 
(~10 psec). It should be noted moreover that it 
was possible to elevate the conduction band up to 
about 60 times the forbidden gap value (Fig. 2b) 
without the measurements at the onset of the pulse 
being disturbed by minority-carrier effects. 

The surface mobility begins to decrease as the 
barrier moves toward accumulation-layer con- 
ditions (positive V and Vs). This region, of 
principal interest in the present work, is shown in 
greater detail in Fig. 3(a). Here Ac is plotted as 
before but the abscissa is marked with the corre- 
sponding values of barrier height vs measured in 
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units of kT/q. For any particular value of vs the 
ordinate of the experimental curve is equal to 
qANus. The corresponding value of gANyz is the 
ordinate of the point in question on the extension 
of the straight line that represents Ao for V;<0. 
This value is just what Ao would be had the 
carriers continued to move with their bulk mobility 
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Fic. 3. (a) The same as Fig. 2(a), but with the accumula- 

tion region in greater detail. Here C3V is the induced 

charge corresponding to the pulse used. Values of the 

barrier height vs in units of RT/q are shown. (b) A plot 

of the experimental values of us/ue versus vs, together 
with the corresponding theoretical curve. 


pp. Thus ps/pp at any value of vs is just the ratio 
of the two ordinates at that point. 

The ratio of surface to bulk mobility, as com- 
puted from the experimental curve of Fig. 3(a), is 
shown in Fig. 3(b) as a function of vs. Also shown 
is the theoretical curve according to SCHRIEFFER®), 
slightly corrected as suggested by FRANKL‘8). It is 
seen that the experimental points are well above 
SCHRIEFFER’S values. 

Figure 4 represents results of measurements of 
Hns/enp as a function of vs made on an n-type 
sample at three different temperatures. Also 
shown are the corresponding theoretical curves 
according to SCHRIEFFER. It is seen that the 
theoretical curves in all three cases cross the 
experimental curves, thus showing that the former 
are overestimated for deep accumulation layers. 
The experimental curves are lower, the lower the 
temperature, as is to be expected from the in- 
creasing mean free path of the electrons as the 
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\7=250°K 


5 7 3 
BARRIER HEIGHT «(47/q/ 
Fic. 4. Experimental results of uns/ung versus vs for an 
n-type sample (Np—Na = X10!) at three different 
temperatures, together with the corresponding theo- 
retical curves. 
Experimental, — — — Theoretical 


temperature is decreased. Quite a different be- 
havior is exhibited in Fig. 5, which represents 
measurements of ns/ung versus vs for another 
n-type sample. Here the results at the two tem- 
peratures 80°K and 152°K almost coincide, where- 
as the theoretical curves are of course different. 
Figure 6 shows surface mobility results for four 
n-type samples of three different impurity contents. 
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Fic. 5. Experimental results of uns/ung versus Us for an 
n-type sample = 4-4 101%) at two different 
temperatures, together with the theoretical curves. 
O =152°K, @ = 80°K, 
Experimental, — — — Theoretical 


06 


| 
| 


o 


3 5 7 
BARRIER HEIGHT (k7/q/ 


Fic. 6. Experimental results of pns/ung versus vs for 
n-type samples of various impurity content (7 = 80°K). 
All the samples were etched in CP-4A, and sample (b) 
underwent an additional etch in warm He2QOsg. 

[] Np—Na = 2:9x 1013 

No-—Na = (a) 

@ No-—Na = 101 (b) 

OQ Np—Na = 
Experimental, — — — Theoretical 


One expects that due to the decreased barrier 
thickness, the higher the impurity content the 
greater the reduction in mobility. This trend is not 
fully substantiated, as the curve for the purest 
sample lies between the other two. The curves for 
the two different samples of equal resistivities 
however, coincide at deep accumulation layers. 
Sample (a) was etched as usual in CP-4A whereas 
sample (b) underwent an additional etch in warm 

In Fig. 7 are shown results obtained on a p-type 
sample at two temperatures. The theoretical 
curves here lie above the experimental curves, but 
in both cases their separation decreases at deep 
accumulation layers. 


CONCLUSIONS 

Results have been presented of surface mobility 
versus barrier height in accumulation layers of 
germanium at low temperatures. In the analysis 
of the data it has been tacitly assumed that the 
experimental procedure employed eliminated 
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effects arising from surface states. Actually, the 
occurrence of any states with release times shorter 
than the experimental resolution time (~10 psec) 
would result in the mobile charge being less than 
the total charge induced by the pulse. The effect 
of such states, if present, would then be to raise 
the surface mobility above its measured values on 
the one hand and, on the other hand, to lower the 
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Fic. 7. Experimental results of ups/Hpp versus vs for a 
p-type sample (Na—Np = 13:2 X 101%) at two different 


temperatures. 
= 136°K, O = 80°K, 
Experimental, — — — Theoretical 


values of vs below those calculated on the basis of 
the absence of surface states. As vs for deep 
accumulation layers depends only logarithmically 
on the induced mobile charge gAN, however, the 
deduced values of vs would not be appreciably 
affected in this range. This argument is illustrated 
in Fig. 8. The experimental curve represents 
mobility results on an n-type sample obtained, as 
in the previous cases, on the assumption that no 
states are involved in the measurement. The 
“corrected” curve was constructed on the rather 
arbitrary assumption that states whose release 
time is too short to be detected were present with 
a density of 2 x 1011,cm? at 6 kT below the con- 
duction band. (The Fermi level at flat bands lies 
12kT below the conduction-band edge.) The 
parameters of the states were chosen so as to make 
ins as near as possible to ng for small vs values. 
It is seen that the “‘corrected”’ values lie above the 
experimental curve but that the vs values are not 
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materially changed. Even in the extreme case 
where it is assumed that no reduction in mobility 
takes place over the entire accumulation region, 
the reduction in the maximum value of vs is only 
from 9-5 to 7-2kT/q. It is thus seen that the 
experimental curves shown in Figs. 3-7 represent 
the lowest possible limit to the actual values. For 
deep accumulation layers in n-type samples, these 


ike) 


= 

| 
Ne 
\ THEORETICAL | 
| 


CORRECTED 


08 


| 


0 2 4 6 8 
BARRIER HEIGHT 


(kT/q) 

Fic. 8. Experimental results of uns/ung versus vs for an 

n-type sample (Np—Na = 6°6 X 1018, T = 250°K). The 

dash-dot curve is computed from the experimental data 

on the assumption that surface states are present with 

time-constants shorter than the resolution time of the 
experimental apparatus. 
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lowest limits are seen to be well above the theo- 
retical curves. 

The theoretical values used here are based on 
SCHRIEFFER’s calculations which, as pointed out 
previously, are adequate for strong inversion 
layers. For lack of other data, the theoretical 
curves shown were constructed under the pre- 
sumption ®) that SCHRIEFFER’s results are valid for 
deep accumulation layers as well. It should also be 
pointed out that, for the samples studied and in 
the temperature range covered, the mean free 
path of the carriers is comparable to the thickness 
of the accumulation layers. This seems to indi- 
cate(!”) that the calculated reduction in mobility in 
this case would probably be even greater than that 
derived by ScHRIEFFER. Thus if the theoretical 
curves shown in the figures are taken to represent 
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the correct values based on a completely-diffuse 
scattering model, it follows from the experimental 
results presented here that the surface has to be at 
least partially specular. A definite conclusion on this 
issue needs await the accurate computations which 
are reportedly"? being carried out by GREENE, 
FRANKL and ZEMEL. 

The question arises as to how far the actual 
values of surface mobility lie above the ex- 
perimentally-determined lower limit. This could 
possibly be estimated from an extensive and 
systematic study over a large temperature range of 
samples of widely varying impurity content and 
surface treatment. At this stage only a few general 
features will be discussed. Provided that the 
scattering is not entirely specular, a key parameter 
determining the amount of mobility reduction at 
the surface is the ratio of the bulk mean free path 
A to the space-charge-layer thickness L. For 
accumulation layers, A/L is proportional to 
up| Np—Na|/2. Thus, the lower the temperature 
and the higher the impurity content, the greater 
the reduction in mobility is expected to be. This is 
substantiated by the experimental curves of Fig. 4, 
where the mobility is seen to decrease with de- 
creasing temperature in accordance with the in- 
creasing A/Z values. The experimental results at 
the three temperatures, for any given vs in the 
region of deep accumulation layers, are roughly 
in the same proportion as the corresponding theo- 
retical values. This may indicate that the measured 
values are not too far below the actual surface 
mobilities. The results of Fig. 5, however, do not 
appear to support this argument, as the measure- 
ments at the two temperatures coincide. Two 
possible explanations for this behavior present 
themselves. The first requires the presence of un- 
detected surface states whose effect on the 
measured results counterbalances that due to the 
two different values of A/L. Alternatively, the 
surface of the sample being considered can become 
less of a diffuse scatterer as the temperature de- 
creases. These two possibilities can also be applied 
to account for the data in Fig. 6. 

In p-type samples (Fig. 7) all the experimental 
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points lie below the relevant theoretical curves. 
This is not surprising, however, in view of the 
characteristics of the trapped-charge release pro- 
cess observed in such samples. In n-type samples, 
the release times associated with all the states 
observed were far above the resolution time of the 
apparatus. Contrary to this behavior, the release 
process in p-type samples exhibited time-constants 
right down to the limit of the experimental resolu- 
tion. It appears therefore that the states present in 
p-type samples are responsible for the low experi- 
mental values measured. 
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FAST SURFACE STATES IN GERMANIUM AT LOW 
TEMPERATURES 
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Abstract—The characteristics of fast states on real germanium surfaces have been investigated at 
low temperatures. Measurements of the time-constant of relaxation processes involving the inter- 
action between the fast states and the majority-carrier band were carried out on n-type samples as a 
function of temperature and surface potential using a pulsed field-effect technique. These were 
complemented with measurements of trapped charge density as a function of barrier height at 
various low temperatures. It is shown that the experimental results at such temperatures can be 
reconciled with room temperature data only by the assumption that both the energy of the recombina- 
tion center, with respect to the conduction-band edge, and its capture cross-section for electrons are 
temperature dependent. The recombination level is found to move closer to the conduction band as 
the temperature is reduced while its capture cross-section for electrons decreases as exp(—E;/kT), 
where the activation energy E; is about 0:2 eV. There are also indications of surface traps within 
0-06 eV from the conduction band which have very small capture cross-sections for electrons. It has 
been observed that for values of the surface potential corresponding to strong depletion layers the 
relaxation phenomena are dominated by a process of enhanced generation of minority carriers, the 


mechanism of which is not understood. 


INTRODUCTION 
SIMULTANEOUS measurements of trapped charge 
density and surface recombination velocity as a 
function of surface potential have proved to be a 
useful method for the investigation of the para- 
meters of fast states on real germanium surfaces. 
According to this method the energy parameter 
of the recombination center, which can be deter- 
mined very accurately, was used as a starting 
point for the analysis of the trapped charge vs. 
surface potential curve. Such measurements have 
so far been carried out in the vicinity of room 
temperatures only. There are many apparent 
advantages in extending this method to low tem- 
peratures. The resolution of the various states on 
the trapped charge vs. surface potential curve 
can in this way be increased and the exploration 
of the energy-gap extended to regions nearer the 
band edges. At low temperatures, however, the 
filament lifetime becomes too short to be measured, 
and one has to look for an alternative kinetic pro- 
cess involving time-constants within the resolution 
of conventional electronic apparatus. The inter- 
action between surface states and the majority- 
carrier band readily offers such an alternative. 


Experiments involving such interactions have 
been carried out by RupPRECHT": 2), 

If the equilibrium between a surface trap and the 
majority-carrier band is suddenly disturbed in 
such a way as to decrease the occupancy of the 
trap with respect to majority carriers, the trap 
must dispose of the excess charge. If the minority- 
carrier concentration at the surface is negligible 
compared with the excess charge involved, this 
can be achieved only through thermal emission into 
the majority band, provided that the thermal 
generation of minority carriers is a slower process. 
If one assumes capture cross-sections of atomic 
dimensions such as are found at room temperatures 
the relaxation time of this process in n-type 
samples becomes measurable for levels separated 
by 15 kT or more from the conduction band. ‘The 
temperature dependence of the relaxation time- 
constant would then yield the energy of the level 
with respect to the conduction-band edge and also 
its capture cross-section for electrons. Experi- 
mental conditions which would restrict the re- 
laxation process to surface trap—majority-carrier 
band interaction can be obtained in extrinsic 
samples at low temperatures with accumulation or 
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depletion layers. If the levels remain at constant 
energies with respect to the conduction-band edge, 
they are expected to move progressively beyond 
the 15-kT limit as the temperature is lowered and 
thus become accessible to measurement. In this 
way one expects to be able to scan a considerable 
region of the gap near the conduction-band edge 
by measuring the temperature dependence of the 
relaxation time-constant for various values of the 
surface potential. These results could then be com- 
plemented with measurements of trapped-charge 
density vs. surface potential at various tempera- 
tures. 

With these considerations in mind measure- 
ments of the temperature dependence of the re- 
laxation time-constant were carried out for various 
values of surface potential in -type material. The 
results obtained show that the situation is more 
complex than foreseen. Contrary to expectation, 
longer relaxation time-constants and larger acti- 
vation energies are observed for surface potentials 
corresponding to accumulation layers, and these 
decrease rapidly as the barrier is brought through 
the depletion region toward inversion layers. 
It appears that as the energy bands are bent more 
and more a further mechanism for the release of 
trapped carriers becomes operative with increas- 
ing activity. From trapped charge vs. surface 
potential curves, it appears that the distribution 
of fast states at low temperatures is different from 
that expected on the basis of room temperature 
data. At low temperatures most of the traps are 
found to lie near the conduction-band edge and to 
possess very small capture cross-sections for elec- 
trons. To reconcile the experimental results at low 
temperatures with room temperature data, it is 
necessary to assume that the recombination center 
moves toward the conducton-band edge as the 
temperature is lowered and that its capture cross- 
section for electrons is temperature dependent 
with an activation energy of about 0-2 eV. Indica- 
tions to this effect have been reported previously.) 


EXPERIMENTAL METHODS 
The relaxation process. The kinetic equation for 
the interaction between surface traps and the 
majority-carrier band has been developed by 
RuPPRECHT"?) on the basis of the SHOCKLEY- 
Reap) and HaLL®) model and the principle of 
detailed balance. Accordingly the time dependence 


of the density m; of majority carriers (e.g. electrons) 
in surface states at a single energy level is given by 


= rns 


where ns; is the surface concentration of free elec- 
trons per cm®, N; the number of traps per cm?, r 
the recombination factor equal to the product of 
the thermal velocity vr and the capture cross- 
section, and m; the free electron concentration at 
the surface for the particular case when the Fermi 
level for electrons is located at the trap, i.e. 


ny = Ne exp 


The solution of this equation remains exponen- 
tial as long as the following two conditions are 
fulfilled: ms<mn, and n; is not too small compared 
to N;. The time constant 7 of the process in this 
case is simply 


T= (ym)7}. 


Now, for states lying above the Fermi level, 
Ns<ny, these conditions can be maintained over a 
considerable portion of the amplitude of the re- 
laxation process if the following procedure is 
adopted. An external field is applied to the surface, 
of such polarity as to increase the charge trapped 
in the states, and is then suddenly removed. The 
excess trapped charge thus left in the surface will 
cause a corresponding decrease in ms, since it repels 
majority carriers from the surface. The subse- 
quent emission of this excess trapped charge can 
be measured as a relaxation of the surface con- 
ductance to its equilibrium value prior to the 
application of the external field. This method has 
the advantage that the equilibrium value to which 
the surface conductance relaxes is known a priori. 
This becomes particularly useful when the time- 
constant is very long. 

Trapped charge density measurements. 'To deter- 
mine the trapped charge density at low tempera- 
tures for barrier heights where the surface mobility 
reduction is important, the change of surface con- 
ductance Ao with field-induced charge was 
measured once under non-equilibrium conditions 
(with negative voltage pulses applied to the field 
plate) when all the induced charge is assumed to 
appear as mobile carriers in the space-charge 
region, and then again under conditions of equi- 
librium between the space-charge region and the 
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surface states (i.e. with d.c. voltage). Fig. 1 shows 
the results of such measurements and demonstrates 
the procedure adopted to interpret the results. The 
abscissa in linear scale is proportional to the field- 
induced charge density. The upper curve (circles) 
represents the non-equilibrium pulsed field-effect 
data, while the lower curve (dots) is from a conven- 
tional d.c. field-effect. Evidently the horizontal 
distance between the two curves at any value of Ac 
represents the change in trapped-charge density 
as Ao is varied from zero to that value, due account 
being taken of surface mobility reductions. The 
corresponding value of the surface potential is 
determined from the upper curve, by making use 
of the known relation between surface potential 
and mobile-carrier density in the space-charge 
layer. This procedure is described in detail else- 
where.‘?) It should be pointed out that in the fore- 
going analysis only those states whose relaxation 
processes are slow enough to be experimentally 
observed in the pulsed field-effect measurements 
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Fic. 1. Typical results of surface conductance Aco vs. 
field-induced charge, used for the evaluation of the 
trapped-charge density as a function of barrier height 
(vs). The upper curve (open circles) represents the re- 
sults of measurements carried out under non-equilib- 
rium conditions when all the induced charge is supposed 
to remain mobile. The lower curve (closed circles) is a 
conventional field-effect curve under conditions of 
equilibrium between trapped and mobile charges. The 
horizontal distances defined by arrows are proportional 
to the change in trapped charge (with respect to Ac=0), 
and correspond to the barrier heights indicated. The 
results of the analysis are also shown (crosses). T=80°K. 
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are taken into account. The results of such an 
analysis are shown at the bottom of the figure, on 
a non-linear scale as a function of the barrier height 
Vs in units of RT/q. 

In some cases an alternative method was used to 
check the results. A positive voltage of known 
amplitude was applied to the field plate. The 
charge thereby trapped was measured directly 
from the initial value of the surface conductance 
at the instant this voltage was removed (Fig. 2b). 
Use was made of the upper curve, as in Fig. 1, to 
take into account the reduction in surface mobility 
and to evaluate the barrier height. The results of 
such a procedure are shown by the dots in Fig. 
5(a), together with the results obtained by the 
method described first (circles). The agreement 
between the results of the two types of measure- 
ments is satisfactory. 


Techniques 

The germanium samples studied were rectangu- 
lar filaments about 10 mm long, 3 mm wide and 
0-3mm thick. Following a chemical etch they 
were mounted on a jig with thin (10u) Mylar 
spacers separating the two larger surfaces from the 
field plate. The jig was inserted into a cryostat in 
which the temperature could be controlled between 
100 and 300°K. The measurements were carried 
out im vacuo except those at 80°K which were 
made while the jig was immersed directly in 
liquid air. 

The resistance of the filament was measured on 
the upper half of a double bridge shown schematic- 
ally in Fig. 2(a). The equilibrium value of the 
surface potential was varied by capacitively apply- 
ing a d.c. bias-voltage to the field plate. A positive 
voltage, in series with the bias-voltage was applied 
to the field plate, causing Ao to increase. This 
voltage was then suddenly removed, as a conse- 
quence of which the surface conductance decreased 
beyond its equilibrium value and subsequently 
relaxed back to its value prior to the application 
of the positive voltage. This decay was displayed 
on the oscilloscope used as a null indicator in the 
Wheatstone bridge, as shown schematically in 
Fig. 2(b). For time-constants in the range from 
milliseconds to seconds the relaxation of Ao was 
photographed on the oscilloscope. For shorter 
time-constants, in the range from several milli- 
seconds to a hundred microseconds, the positive 
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voltage was replaced by a positive square-wave 
pulse and the time-constant determined by the use 
of a modified lifetime bridge, as shown sche- 
matically in the lower half of the double bridge. 
Good agreement was obtained in the region where 
the two methods overlap. 
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their logical sequence and with reference to a 
typical n-type sample = 6-6~x 10}, 
etched in CP-4). Room temperature data of 
trapped-charge density and recombination velocity 
as a function of surface potential were first taken 
and analysed.) The results are shown in Fig. 3(a). 
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(b) Illustration of the 


The measurements of trapped-charge density 
at low temperatures were carried out as follows. 
The upper curve in Fig. 1 was obtained by using 
negative pulses in a method similar to that 
described elsewhere.‘ To obtain the lower curve 
shown here, the same voltage as that used for the 
negative pulses, but in the form of a positive d.c. 
voltage, was applied to the field plate. The resulting 
increase in filament resistance was determined by 
balancing the decade resistor. The d.c. voltage was 
then removed and the bias-voltage adjusted so as 
to restore bridge balance. This technique was re- 
peated a number of times. The advantage of this 
procedure over the conventional d.c. method lies 
in the equality of the positive-and negative-voltage 
steps. This increases considerably the accuracy of 
the subsequent analysis. 


EXPERIMENTAL RESULTS 
The experimental results will be described in 


Fic. 2. (a) Schematic outline of the experimental set up. 
display of the relaxation 
phenomena. 


It can be seen that the recombination center lies 
at about 0-12 eV (5&7 at room temperature) below 
the conduction-band edge. Its density is 1-8 x 101! 
cm~? and its capture cross-section for electrons is 
10-15 cm?. There are no states of appreciable 
density between the recombination center and 
mid-gap. 

The sample was then cooled and the relaxation 
phenomena examined for various values of the 
surface potential and at different temperatures. It 
was found that, following a rapid initial decay of 
small amplitude, the relaxation curve was in general 
exponential down to a few per cent of its maximum 
amplitude for all values of the surface potential 
except those corresponding to accumulation layers. 
A semilogarithmic plot of the time constant vs. 
1000/7 is shown in Fig. 4. The equilibrium value 
of the barrier height vs in these measurements re- 
mained at all temperatures near vs = 0 (flat bands). 
Hence only levels lying within ~12 kT from the 
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tending over five orders of magnitude proves that 
only states at a single energy level are involved 
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Fic. 3. Surface recombination velocity (a) and trapped 
charge density (b) vs. g¢s/kT for an n-type sample 
(Np—Na = 6:6 X 1018, etched in CP-4), at room tem- 
perature. 
(E; —Ei)/RT = 8:7; Ne = 1°8 X1011 
—Ei)/RT = —0°3; Ne’ = 1:2 
—Ei)/RT = = 8 
T = 293°K 


throughout. The curve implies an activation energy 
of 0-33 eV. This value cannot, however, be the 
energy distance between the surface level and the 
conduction-band edge, since states at such an 
energy level were not involved in the relaxation 
process. It follows that part of this activation 
energy must be attributed to the capture cross- 
section of the traps for electrons. From room 
temperature data it follows that the states involved, 
at least in the higher temperature range of Fig. 4, 
must be identical with the recombination center. 
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conduction-band edge could be involved in the 
relaxation process. The fact that the points lie on 
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Accordingly these states are the recombination 
centers and hence their capture cross-section for 
electrons must be temperature dependent with an 
activation energy of about 0-2 eV. For the purpose 
of obtaining more information, the trapped-charge 
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Fic. 4. Semilogarithmic plot of the relaxation time- 

constant vs. 1000/T for an n-type sample (Np—Na= 

6:6 1018, etched in CP-4), in the vicinity of vs = 0. 

Activation energy = 0:33 eV. @ Plate voltage = +25 V 
(vs =~ +1), © Plate voltage = 0 (vs —1). 


density as a function of barrier height vs was 
measured at a number of temperatures. The results 
of two such measurements are shown in Fig. 5. 
The dots on the lower curve were taken at 233°K 
and represent the state at the midgap. At this 
temperature the recombination center does not 
appear on the curve, as its relaxation is too fast to 
be observed. On the upper curve, however, which 
was taken at 97°K, the recombination center should 
appear and it is expected to lie at gus ~ —3 RT, 
as at this barrier height the Fermi level is 
located at the trap. No state of comparable density 
is found at this value of vs. The only relevant state 
lies at gusx5 kT (0-05 eV below the edge of the 
conduction band). It appears, therefore, that the 
recombination level moved closer to the conduction 
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Fic. 5. Trapped-charge density vs. barrier height 

(vs) for an n-type sample (Np—Na = 6°6 x 1018, etched 

in CP-4), at 97°K (a) and at 233°K (b). The closed 

circles in (a) represent results obtained by an alternative 
procedure as described in text. 
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Fic. 6. Trapped charge density vs. barrier height 
(vs) for an n-type sample (Np—Na = 4-4 X10!%, sub- 
jected to warm HeOe treatment), at 80°K (a) and at 
152°K (b). 
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band as the temperature was lowered. This con- 
clusion is in accordance with previously reported 
results.) Fig. 6 shows curves of trapped charge 
density vs. barrier height for another sample 
(No—Na = 101%, treated with warm 
In this case the room temperature measurements 
placed the recombination center at 0-2 eV from the 
edge of the conduction band. Again there is no 
comparable density of states at barrier heights 
where the recombination center is expected to lie 
(qvs~—4kT at 152°K and quvs~—17kT at 
80°K). 

The relaxation-time constant was found tode- 
crease as the surface potential was decreased. 


sec 
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Fic. 7. Semilogarithmic plots of the relaxation-time 
constant vs. 1000/T in an n-type sample (Np—Na = 
6°6 x 1018, etched in CP-4), for various values of the d.c. 
bias, i.e. for different values of the surface potential. 


Plate voltage (V) Activation energy (eV) 


—100 28 
» —200 0-24 
O —400 0-15 
—1000 0-13 


Semilogarithmic plots of the relaxation-time con- 
stant vs. 1000/7 are shown in Fig. 7 for values 
of the equilibrium surface potential corresponding 
to strong depletion layers. It can be seen that the 
activation energy, as determined from the slope 
of the curves (corrected for the temperature de- 
pendence of N-, and Vr), decreases progressively 
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as the surface potential decreases. These activa- 
tion energies cannot be associated with simple 
thermal emission from surface states, since no 
levels corresponding to these activation energies 
were found either at room temperature or below. 
They appear rather to be connected with the 
emptying of deeper levels through an enhanced 
generation of minority carriers in the surface region, 
the exact mechanism of which is not yet understood. 
This possibility is further supported by the 
characteristics of extraction phenomena which 
make their appearance as the surface conductance 
minimum is approached during measurements 
using the lifetime bridge. The generation-rate of 
minority carriers, as derived from the time- 
constant of the exclusion transient, follows roughly 
the trend shown by the relaxation-time constant 
as the surface potential is varied. 


CONCLUSIONS 

From the experimental results presented it 
appears that the electrical behavior of real ger- 
manium surfaces is more complex than could have 
been predicted from room temperature data. A 
self-consistent model of the surface can be formed 
only if it is assumed that both the energy and the 
capture cross-section for electrons of the recom- 
bination center are temperature dependent. As the 
temperature is lowered the recombination center 
moves closer to the conduction band, while its 
capture cross-section for electrons decreases ex- 
ponentially with 1/7. Accordingly no new states 
are involved in the experimental results described. 
The relaxation processes shown in Fig. 4 involve 
at all temperatures the interaction between the 
recombination center and the conduction band. 
The experimentally determined activation energy 
is no longer a direct measure of the energy level of 
the states, but includes a contribution due to the 
temperature dependence of the capture cross- 
section. In order to account for these results, the 
relaxation time-constant must be written in the 
form 


(r)-1=7 exp(—E,/kT) x 


where, for the sample discussed, Ey ~ 0-20 eV, 
Eo = 0-03 eV and « ~ 3x 10-4 eV/deg. 

The temperature dependence of the capture 
cross-section is not altogether surprising. The re- 
combination center is an acceptor-type level, and 


FAST SURFACE STATES IN GERMANIUM AT LOW TEMPERATURES 199 


such levels are often found to have temperature- 
dependent cross-sections for electrons with activa- 
tion energies of this order of magnitude.‘8) This 
temperature dependence implies that the recom- 
bination center is negatively charged when empty. 
The temperature dependence of the energy of the 
recombination center, however, is more difficult 
to understand. 

Data of trapped-charge density at room tempera- 
ture show that there are some unidentified surface 
levels near the conduction-band edge. The appear- 
ance of such states on the trapped-charge density 
curve at 80°K (Fig. 6a) indicates that their capture 
cross-section for electrons must be very small. 

The possibility that some or all of the relaxation 
processes observed involve bulk traps rather than 
surface levels has been pointed out by 
RupprecuT?-3), Such bulk effects are negligible 
under the experimental conditions employed here, 
as the surface density of the bulk traps involved 
could not have exceeded 10%cm~?. It is quite 
probable, however, that the rapid initial transients 
of low amplitude observed on the relaxation curves 
are due to just such bulk effects. The temperature 
dependence of the time constants of these transients 
indicates a small activation energy of about 0-1 eV. 
This is fairly consistent with that expected from 
bulk traps, in view of the position of the Fermi 
level in the bulk. 
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SURFACE RELAXATION EFFECTS IN GERMANIUM 
REDUCED TEMPERATURES 


D. H. LINDLEY and P. C. BANBURY 


Physics Department, University of Reading, Reading, England 


Abstract—Measurements of small signal field effect mobility on germanium as a function of fre- 
quency of the applied a.c. field and under-pulsed fields have been extended in temperature down to 
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100°K. The measurements have been made for various values of a superimposed d.c. field giving a 
range of barrier heights as deduced from the d.c. conductance. Relaxation processes have been 
observed with characteristic times in the range 1-10-® sec, depending on the temperature and the 
barrier height. In inversion layers the relaxation can be represented by a single time constant, whilst 
in other types of barrier the relaxations are not exponential. The effects are sensitive to illumination. 
The results are discussed in terms of surface trapping and recombination, and a comparison is made 


with predictions from GarRRETT’s analysis. 


1. INTRODUCTION 
Fast surface state properties associated with the 
screening of charge induced in conducting states 
in the semiconductor and surface recombination 
velocity, have been investigated in detail by a 
number of workers. Implicit in the models used is 
the process of trapping of carriers in a surface state 
from either band at the surface. This process 
has not been directly studied in most experiments 
to date. RuppREcHT”) has observed decays in the 
conductance of a pulsed channel as a function of 
temperature and Morrison®) the decays of con- 
ductance on application of a large electric field at 
liquid nitrogen temperatures. MONTGOMERY) 
observed at room temperature a relaxation in the 
region of 5 x 10’ c's which he attributed to trap- 
ing. Following MontcoMery’s work, GARRETT) 
analysed the behaviour of the conductance of a 
germanium filament as function of a small applied 
electric field of variable frequency. He treated the 
model of a single surface state obeying SHOCKLEY— 
READ") statistics and shewed that two dispersions 
in conductance were to be expected. One was con- 
uected with the time for generation and recom- 
bination of minority carriers in the filament arising 
from extraction and injection across the barrier 
bulk interface. The other was essentially the time 
for carriers to be trapped by the state from the 
valence or conduction band. An extension of the 
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analysis has been made by Berz“). MoNTGOMERY®) 
and YunovicH) have made qualitative measure- 
ments on the lifetime dispersion. The present 
authors‘8) have made more detailed measurements 
and have found substantial agreement at room 
temperatures with GaARRETT’s predictions, and with 
measurements made by other workers using 
different techniques. Since the room temperature 
trapping time is too short to detect by our experi- 
mental procedure, we have made measurements 
of field effect dispersion and relaxation effects at 
lower temperatures, and have compared the pre- 
dictions of the model with regard to variations 
both with temperature and surface potential. 


2. THE MODEL 

GARRETT’s analysis indicates two relaxations 
which are interdependent in the sense that they 
are both a function of the surface state parameters 
and the surface potential. This need not necessarily 
be the case since a centre which screens induced 
charge is not a priori a significant recombination 
level. In this discussion we will assume they are 
identical but the general conclusions will be 
largely unaffected by this assumption. We shall be 
mainly interested in the predictions as a function 
of temperature. 

Under certain conditions, fulfilled in our experi- 
ments, the dispersion associated with the generation 
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and recombination of minority carriers is the 
filament lifetime zy as defined by SHocKLEY®) 


where 
1/r¢ = 


Here 7» is the bulk lifetime, 7 the thickness of the 
slab and s and s* are the surface recombination 
velocities at the front and back faces. s is given by 

(no + po)CpCn 


a (1) 
‘p(Ps+p1) + Car(s +11) 


where mo, po are the bulk carrier concentrations, 
Ns, Ps are the surface carrier concentrations, p1, 1 
are the carrier concentrations if the Fermi level 
were at the trap energy and Cp, Cy are the hole— 
electron capture cross sections. The temperature 
dependence of this dispersion time constant is 
simply that of the lifetime of an injected electron 
hole pair, which decreases with decreasing tem- 
perature. For a thin filament of reasonably long 
bulk lifetime this is dependent on the sample 
geometry and the magnitudes and temperature 
dependence of s and s*. 

The trapping time 7 or surface state relaxation 
time is independent of sample dimensions and back 
surface and is a true relaxation time in the sense 
that it is not an averaged behaviour over the whole 
filament. It is given by 


1 Tn) 


(2) 
Pn) — Ne fo(1 —fo) 


where 
Q = 


N; is the trap density, fo the Fermi occupancy 
factor at the trap energy and ws is the dimensionless 
variable related to surface potential defined by 
KinGstTon and NEusTaDTER"®), 

This clearly has the opposite temperature de- 
pendence of 7; i.e. it becomes longer as the tem- 
perature decreases. The dependence both as a 
function of temperature and of surface potential 
us is to an approximation that of s. 

Substituting experimental values from room 
temperature measurements the trapping time is 
found to be of order 10-7-10-8 sec. As the tem- 
perature is lowered ry and 7; should approach each 
other and at some temperature cross. Below this 
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temperature in regions of barrier height where 
contributions to conductance by minority carriers 
are negligible (i.e. accumulation and exhaustion 
layers), the only relaxation observable at small 
disturbances should be 7. In intrinsic material 
this region covers most of the centre of the gap 
at low temperatures. Since 7; is longer than the 
lifetime the carrier concentrations in the bulk and 
barrier are closely those of equilibrium during the 
relaxation. This replaces GARRETT’s assumptions 
about diffusion currents from the bulk to the bar- 
rier. In inversion layers at extreme barriers we 
expect more complicated behaviour at room tem- 
perature since lifetime relaxations will still be 
important in addition to possible surface state 
trapping. 

In the regions of surface potential where the 
surface states under discussion are responsible for 
all screening of induced charge the field effect 
mobility, «fe, defined as 


AG,/Ao 


(AG; is the surface conductance change per square 
for applied charge per unit area Ac) at times short 
in comparison with 7; will be closely that of the bulk 
majority carrier. In inversion regions following 
GARRETT’s room temperature discussion for times 
short in comparison to +r and long compared to 7% 
we expect fe to exceed the bulk mobility 

Since trapping is a process determined in 
magnitude by densities of unoccupied states and 
carrier concentrations in the conduction and 
valence bands we may forecast that 7; will be 
sharply influenced by creation of hole electron 
pairs at the surface, e.g. by illumination; +z should 
be much less influenced. 

The above discussion rests on the assumption 
that the induced charge disturbances lie in the 
small signal range. 


3. EXPERIMENTAL RESULTS 

(a) Experimentation 

Field effect relaxation measurements have been 
made on CP-4 etched germanium filaments of 
dimensions of the order of 1:5x0-3x0-02 cm 
both as a function of temperature and surface 
potential us. The slabs were mounted in a jig with 
a large face against a lapped metal electrode with 
dielectric spacer of melinex or mica, and the jig 
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suspended in a glass cryostat. The conductivity 
changes were measured by a probe method or 
using the current carrying contacts as voltage 
probes. Similar results were obtained in all con- 
figurations. Since slow state relaxations are of 
order of minutes or hours at low temperatures, us 
can be held at different fixed values by application 
of a variable large d.c. field. Thus in regions where 
a conductance minimum can be obtained and 
hence us evaluated, the surface relaxations may be 
investigated as a function of us by superimposing 
on the d.c. field a small a.c. field of variable fre- 
quency, a pulse or a square wave. The circuit for 
separation of displacement current and conduc- 
tivity modulation signals has been described else- 
where.‘8) Decays and dispersions in the range 
1-106 sec could be measured. Most of the detailed 
measurements have been made in the range 210°- 
230°K for n-type material and 230°-170°K for 
p-type since below these regions a minimum could 
not be obtained and above these regions the slow 
states are too fast. 

Facilities were also arranged for shining light 
from a tungsten bulb on the field effect face by use 
of a transparent field electrode. As no effort was 
made to achieve uniform illumination these results 
must be regarded as roughly qualitative only. 


(b) Results 

Figure 1 shows typical results of pulsed field and 
a.c. field effect measurements. In exhaustion- 
accumulation layers the relaxations cannot be 
represented by a single relaxation time 7. However, 
in most cases they can be approximated to one. 
We shall, for convenience, assign time constants 
to our results though strictly they are not meaning- 
ful. 

At small disturbances the transient decays are 
symmetrical with sign of the induced charge. 
At higher fields the decays become asymmetrical. 
Fig. 2 shows a decay as a function of size of charge 
induced in an n-type specimen. The decay corre- 
sponding to increase of minority carrier in the 
barrier becomes markedly longer and non-expo- 
nential with increasing amplitude of induced 
charge. This asymmetry tends to become more 
pronounced as the temperature decreases and is 
reversed for p-type material, i.e. the longer decay 
still corresponds to increase of minority carriers. 
The decay time corresponding to decrease of 
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Fic. 1. Typical small signal dispersion and decays on 
n-type specimens. (a) was measured at 220°K. The 
theoretical curve is drawn for a single time constant 
dispersion of characteristic frequency 6-10? c/s. (b) and 
(c) are traced from oscilloscope photographs and show 
decays for both signs of induced charge. (b) is for an 
inversion layer at T = 247°K. (c) is at T = 198°K and 


us ~0. 


minority carrier concentration in the barrier is 
nearly independent of amplitude at low levels of 
induced charge. The a.c. dispersion tends to 
average the two decays at large disturbances. At 
low fields the two measurements agree. Since most 
of the measurements of 7 were taken at induced 
charge of 10% electrons/cm? or less corresponding 
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Fic. 2. Decays for an n-type specimen as a function of 

the amplitude of induced charge. T = 220°K. The 

decays for 6 X 108 electrons/cm? correspond to an initial 

change in surface potential of about 0:75 kT. The top 

three curves represent a decrease of hole concentration 

in the barrier, the lower three an increase in concen- 
tration. 
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to the range of approximate agreement, no 
specific mention will be made as to the method of 
evaluating r. 

In inversion layers the decays are good approxi- 
mations to exponentials (Fig. 1) and tend to be 
symmetrical over a considerable induced charge 
range . They correspond to a change in sign of the 
field effect and hence must be associated with a 
lifetime effect. 

Figure 3 is a plot of relaxation time, 7, versus tem- 
perature for n and p-type specimens to below 
200°K. Three of the plots are for inversion layers. 


Fic. 3. Relaxation time 7 against temperature. Points 
(a) x, (b) O, (c) @ are for n-type specimens (d) A for 
p-type. The surface of (a) is in an exhaustion—accumula- 
tion layer condition. (b) and (c) are for inversion layers 
and represent the same field effect surface but in (c) the 
back surface has been sandblasted. (d) is also for inver- 
sion layers. 


Curve (c) is for the same surface as (b) but with 
the back surface sand-blasted instead of etched. 
The other plot (a) is for a non-inversion layer. The 
numerical magnitudes of us, which change continu- 
ously with change of temperature, are undeter- 
mined. The main point of interest is the sharp 
break in temperature variation of 7 at around 
260°K. 

Figure 4 is a graph of measured relaxation time, 
7, versus us for three different n-type specimens at 
about 220°K. The variations found are always 
quantitatively similar. Differences usually lie in the 
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extent of the flat top of the curve. Sometimes there 
is a sharp peak and decrease of + into accumulation 
layers—sometimes no drop at all. Also drawn in 
are two theoretical plots, for a discrete surface 
state at = —4kT and = Ej. 

In Fig. 5 is shown a typical plot of + versus u, 
for a p-type specimen at 178°K. The inversion 
layer time constants are different in order of 
magnitude from those in accumulation and ex- 
haustion regions. Also shown are results for an 
n-type specimen at 198°K with a theoretical curve 
E,—E; = —2kT. The values of ug are less reliable 


Fic. 4. Relaxation time 7 against surface potential us for 
three n-type specimens at 220°K. The theoretical curves 
are drawn for (1) E:—Ei = —4kT, Ne = 2 X101°/cm?2, 


Cp = Cn = 0-910-8, Nicm/sec. (2) Ere = Ei, Ne = 
2 x10!9/cm?, Cp/Nt = Cn/Nt = 1:7 X cm3/sec. 


as the minimum of conductance had disappeared 
from the range of measurement. The relative 
values of us in the two cases are not directly com- 
parable since the temperatures are different. 
Qualitatively the results for the two materials are 
similar but the relaxation times for comparable 
temperatures are in general longer for n-type than 
for p. 

In addition to the above curves in Fig. 5 are two 
plots of + under illumination. Under extremely 
weak illumination 7 decreases with increase in in- 
tensity, but the variation with us tends to remain 
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the same as for the unilluminated results. At 
higher illuminations 7 tends to saturate with in- 
tensity and become independent of us. The 
transient decays for either sign of induced charge 
are equally affected by the illumination. 

Figure 6 shows typical data of fe versus us for an 
n-type specimen for times shorter and longer than 
the relaxation time 7. The bulk electron mobility 
of 6:2 x 108 cm?’V sec is drawn in. It can be seen 
that over a substantial region between us = 6 and 
us = —6, ute & pn. Included in the same figure is 
ze for illumination on the same surface at 220°K. 


ROR 


Fic. 5. 7 vs. us for an n-type specimen at JT = 

198°K, for a p-type specimen, TJ = 178°K, and for an 

n-type under strong and weak illumination. The 

theoretical curve is drawn for E;—E; = —2kT. Ni = 
5x 101%/cm?, Cp/Nt = Cn/Ne = 1:1 x 10-® cm3/sec. 

n-type, 198°K. 

p-type, 178°K. 

n-type, 198°K, weak illumination. 

n-type, 200°K, strong illumination. 


Fig 7. shows a fe curve for a p-type specimen at 
178° K. These figures show that for inversion layers 
on both and p samples, 1 fe at times shorter than 
7, becomes considerably greater than the bulk 
mobility of the majority carrier. 

Finally we have looked at highly developed n 
and p accumulation layers for trapping in states 
close to the band edges down to 100°K and failed 


to find any decays up to times of order 10-6 sec. 
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cm?/Vsec x 10° 
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Fic. 6. Field effect mobility ys.e. against surface potential 

us for an n-type filament at 220°K. Points © are for 

times short in comparison to the trapping time T. Points 

@ are the equilibrium values, i.e. at times long com- 

pared to 7. Points A are for short times but under strong 

illumination. The bulk electron mobility of 6:2 x 108 
cm?2/V sec is indicated. 


Also, measurements by CajkovskI in this labora- 
tory") of the change in trapped charge with us 
down to temperatures of 170°K have failed to show 
signs of any structure to be associated with a “‘dis- 
crete state’. We shall make use of these two 


additional pieces of evidence in our following 
discussion. 


cm*/Vsec x lO 


Fete, 


Fic. 7. pys.e. VS. Us for a p-type specimen at T= 178°K. 

Points © are for times shorter than the trapping time T. 

Points @ are the equilibrium values. The bulk hole 
mobility up = 5-95 x 103 cm?2/V sec is drawn in. 
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4. CONCLUSIONS 

As is clear from the comparison of Sections 2 
and 3(b) there are fairly well-defined areas of 
agreement and disagreement between the expected 
and observed behaviour. 

The decays and dispersions will be treated as if 
having a single time constant in the main dis- 
cussion and a comment made later on this approxi- 
mation. We shall also assume from empirical 
evidence that data from transient phenomena may 
be treated on an equal footing with steady state 
measurements. 

The variation of 7 with temperature in an ex- 
haustion region is as predicted from the model. 
The transition region is at a higher temperature 
than would be expected from room temperature 
cross sections and recombination energy levels. 
However, we are not bound to associate the low 
temperature decays with a recombination centre. 
The decays at low disturbances (of the order of 
1-2 kT and less) are as expected, symmetrical with 
the sign of the induced charge. At higher induced 
charge the decay corresponding to the increase of 
minority carriers in the barrier becomes very 
much longer than that for the decrease. Following 
arguments given by Bansury et al.“?) and 
Morrison®) we can attribute this to the small 
generation rate in the filament at low temperatures. 

We may regard the generation and the recom- 
bination processes at the surface as represented by 


g—r = net generation rate 


where to an approximation, when the Fermi level 
lies near the centre of the gap, g is a constant 
generation rate proportional to m? and r is the re- 
combination rate. When the disturbance becomes 
large in the limit the largest net generation rate 
afforded to the system is g while the recombination 
rate can increase indefinitely. At low temperatures 
g is small and the largest possible diffusion currents 
into the barrier from the bulk are negligible since 
the bulk minority carrier concentration is small. 
The reverse processes of recombination and 
diffusion into the bulk are however not restricted 
in this way. The above simple arguments would 
suggest that at large disturbances an asymmetry 
would be expected in the transient decays resulting 
from inducing positive and negative charge in the 
semiconductor at low temperatures in regions of 
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barrier height where minority carriers are im- 
portant either in conductance or in trapping in 
surface states. Since the swing in ws under large 
applied field in Fig. 2 includes the regions of us 
where a surface state at the Fermi level would trap 
holes the generation rate in this case is undoubt- 
edly becoming the rate limiting step in the decay. 
At very large disturbances the decay should tend 
to be linear in time, i.e. proportional to the fixed 
generation rate, as observed by Morrison. In the 
other direction of induced charge the rate of decay 
is controlled by the capture rate for holes or 
emission rate for electrons in n-type material. This 
simplified model is felt to give some indication of 
the situation. The asymmetry could be expected 
to be more marked as the temperature is reduced 
and to reverse with m- and p-type material as is 
observed. 

The 7 versus us data shown in Figs. 4 and 5 
follow qualitatively the dependence of the theo- 
retical curves. A discrete level however is not 
sufficient to account for the results since the range 
of us over which it may screen is not large enough 
to account for the variation of trapped charge with 
us“) and hence the full curve of 7; versus us cannot 
be invoked. Nor does the usual room-temperature 
surface recombination level seem appropriate since 
the amplitude of the dispersion is small in that 
region for n-type specimens (Fig. 6.). The theo- 
retical curves drawn are not therefore intended as a 
fit but as an illustration of general trends. They 
suggest that the carrier concentrations in the bands 
Ns, Ps dominate the trapping time in the expression 
for 7¢. If there are various sets of discrete trapping 
levels throughout the gap with differing capture 
cross sections then the magnitudes of the latter for 
the relevant carrier are sufficiently similar for ns, 
ps to dominate. 

The rough values of capture cross section im- 
plied by the results are of interest. The trapping 
times for n- and p-type materials are often an order 
of magnitude different at a given temperature. As 
measurements on p-type material have been less 
detailed, we restrict our discussion to n-type 
specimens pending further evidence on _ this 
difference. 

If we were to assume that there is a trap at the 
centre of the gap with equal capture cross sections 
for electrons and holes, then approximating the 
term multiplying Q-! in equation (2) to unity, 
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Cy Nz at 220° would be 10-8 cm/sec, a value of 
reasonable magnitude in comparison with room 
temperature recombination data. The values of 
trapping times at other temperatures would be 
simply governed by the change in m: hence at 
198°K, 7; = 5-103 sec—close to the value ob- 
served. At 260°K, 74=25-10-® sec—a reasonable 
value for the filament lifetime also and therefore 
consistent with a transition from ry to 7¢ at this 
temperature. 

From the above it could be argued that traps 
near the centre of the gap are suggested by the 
results. It seems difficult to accept a patch effect 
large enough to provide an alternative explanation 
although some surface inhomogeneity is indicated 
by the consistent non-exponential nature of the 
decays even at small disturbances. To obtain any 
consistency with surface recombination measure- 
ments at room temperature it would be necessary 
to interpret the latter in terms of the possible level 
near the centre of the gap rather than the one 
usually selected (i.e. about 0-12 eV above the gap 
centre). In addition we fail to find trapping times 
of the order of 10-5-10-6 sec at T~200°K implied 
by the accepted energy. 

The trapping time at room temperature for our 
selected level would be ~ 2 x 10-® sec. However, 
we have ignored the correction factor in equation 
(2) which could be as large as 10 and any shift 
from the centre of the gap would tend to reduce 
the time. 

Although our experiments are suggestive in the 
above manner, we think it of little use to try and 
evaluate numerically the surface state parameters 
from the results. 

The behaviour of the relaxation times in in- 
version layers is not well understood. Since in this 
region of us at low temperatures the band edge 
states are operative in screening, we will assume 
that if m- and p-type germanium have similar sur- 
face state structures near the band edges then the 
trapping times of the states are very much less 
than 10-® sec in the range of temperature in- 
vestigated. The relaxations seen are then postu- 
lated as some type of “‘lifetime”’ relaxation. This is 
confirmed by the observation that they are always 
good exponentials and that the field effect mobility 
is greater than the bulk mobility (Figs. 6 and 7) 
as might be expected from GARRETT’s analysis, 
and observations at room temperatures. 4: 8) 
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Additional evidence is the large separation of the 
time constants in an inversion layer and in the 
exhaustion-accumulation regions for the p-type 
specimen in Fig. 5. However, we are faced with 
the apparent contradiction that the decays are 
more strongly symmetrical in this region than in 
the centre of the gap (where the surface generation 
rate is expected to be higher) and that the tempera- 
ture dependence below 260°K is wrong for a life- 
time process (Fig. 3). Moreover, when the back 
surface of an n-type specimen was sandblasted, 
the decay at room temperature was reduced (Fig. 
3) but below the transition point the times were as 
before, indicating that the back surface did not 
take part in the process. Since the diffusion length 
was greater than the thickness of the specimen 
from measured 7» as a function of temperature this 
too cannot be understood. It would seem from the 
occurrence of a transition in the temperature de- 
pendence that the process involved is connected 
with the front surface trapping phenomenon, but 
as yet we are unable to offer a detailed explanation. 
The illumination effects are qualitatively under- 
stood as a reduction in trapping time by the in- 
creased carrier concentrations at the surface. The 
trapping time decreases with increase in intensity 
until it becomes comparable with and shorter than 
the filament lifetime. When this occurs the re- 
laxation observed is the filament lifetime as at room 
temperatures. The results in Fig. 5 bear this out. 
This interpretation is additionally strengthened 
by the large decrease in pe at times shorter than + 
as shown in Fig. 6. This plot is characteristic of a 
lifetime dispersion and represents the minority 
carrier conductance contribution in the barrier. 
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Abstract—The cross sections and energy levels of surface states in silicon around midgap have been 
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CROSS SECTIONS OF MIDGAP SURFACE STATES IN 
SILICON BY PULSED FIELD EFFECT EXPERIMENT 
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investigated by a pulsed field effect technique. Two energy levels have been found, one acceptor-like 


(A), the other one donor-like (D). 


The results are: (Ec—Ea) = 0°52 eV, o4 = 3x 10-16 cm? 
(Ea—Ev) = 0°72 eV, of = 4x 10-12 cm? 
(Ep—Ev) = 0°54 eV, = 2x10-% cm? 


INTRODUCTION 

THE existence of dominant surface states in the 
middle of the energy gap in silicon has been 
suspected for a long time. The observed stability of 
silicon surfaces gave support to this assumption. 
Field effect experiments lead to the conclusion 
that the density of these states must be appreciable. 
The channel effect experiment, the most fruitful 
tool in the investigation of silicon surface states so 
far, can hardly be applied to these midgap levels 
because the channel conductance would be too 
small.) At the present time, apparently very little 
is known about states in the middle of the gap in 
silicon, such as their charge character, their 
accurate position and their density. Using pulsed 
field effect technique, more detailed information 
can be obtained. Experiments have been carried out 
on both n-type and p-type silicon samples with 
different carrier concentrations. Two discrete 
levels close to the middle of the gap were observed 
and it was shown that these states exist pre- 
dominantly at the surface. 


PULSED FIELD EFFECT 


With a conventional a.c. field effect experiment 
it is possible to decide whether the surface of a 
semiconductor is n-type or p-type. Since the 
position of the Fermi level in the bulk of a sample 
can be calculated from Hall effect and conductivity 
data, the bending of the bands towards the surface 
is essentially known. If a surface charge Qo is 


(Ec—Ep) = 0°63 eV, o? = 1x 10-13 cm? 
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assumed, a charge Oss in the space charge layer in- 
sures charge neutrality. (The Q’s are measured in 
C/cm?.) The space charge layer can be considered 
as a capacitor, C's, which is voltage dependent. In 
series with C's is the capacity, Cp, located between 
the field plate and the semiconductor surface. The 
thickness of the dielectric spacer is LZ and the 
dielectric constant, ep. The total capacity per unit 
area is: 


€ 
C = Ce P€O 
S 


with Cp = ; 
L 


If the voltage V is applied to the field plate, the 
total charge becomes 


7 Cp 
Or(t,V) = Ce-V(1 


= Qs(t,V)+ Qolt,V). (1) 


Qs is the total charge in the space charge layer: Oo 
the charge in surface states. Cs can be calculated 
in the Schottky approximation if no inversion layer 
is involved. In this case the error introduced in 
equation (1) by the Schottky approximation is 
small. For a small surface potential, when Cs is 
large and the approximation starts to fail, the error 
in Q7 still stays small, since Cp/Cs <1. When Cs 
becomes smaller with increasing bending of the 
energy bands, the approximation gets increasingly 
better. 

If one assumes that the concentration N of ion- 
ized impurities stays constant throughout the bulk, 


196 
P 
| 
= 


the surface conductance is proportional to Os and 
it is, therefore, only necessary to consider the 
transient behaviour of Os(t,V)). From equation (1) 
one finds: 


dOs ad Cp 
dt 
Ss Cs dt 


In Schottky’s approximation: 
dC (2eegeN\ 2eegeN 
1 dQs 


Vs dt : 
where Vs is the voltage across the capacity Cs. 
Therefore, 
dQo dQs V /(Cp\?2 Cp —2 
dt dt \ Vs \Cs Cs} 
Since 
= —— = 14+— = 1+— 
Vs Vs Vs Cp 


one finally finds 
dQo dQs 1+2 Cp/Cs 
1+Cp/Cs 


2 
dt at (2) 


This result indicates that under restricted experi- 
mental conditions the change in surface con- 
ductance represents the change in surface charge. 
In the experiments described later, the condition 


Cp <Cs is fulfilled. Therefore: 
dQo dQs 


The technique for investigating the transient 
behaviour of surface states consists of a sudden 
change in the surface concentration of majority 
carriers by applying a voltage pulse to the field 
plate. The polarity is such that the carriers are 
pushed away from the surface. The reduction in 
the concentration of majority carriers causes the 
surface states to readjust their occupancy. If the 
reduction is strong enough a generation process 
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only will occur and the recombination process can 
be neglected. This simplifies the analysis. 

In order to evaluate the transient behaviour of 
the surface conductance, one has to connect the 
measured relaxation time 7 with the cross section 
of the reacting state. Applying the principle of de- 
tailed balance,@) one finds for the reaction of a 
state with the conduction band: 


On(T) = (rymvr) (3) 
and for a reaction with the valence band 
= (tpivz/y) (4) 


for both donor- and acceptor-like states. y is the 
statistical factor of the level; ) and p; stand for the 
surface concentration of electrons and holes re- 
spectively, if the Fermi level coincides with the 
level in question; vr is the thermal velocity of the 
majority carriers. 

A similar analysis can be carried out for the case 
that more than one surface state contributes to the 
relaxation process. If they differ in their energy 
position, one can separate them, in general, by a 
study of the temperature dependence of the re- 
laxation process. 


EXPERIMENTAL PROCEDURE AND RESULTS 

The silicon samples were cut in the form of 
rectangular solids of size 1 cm by 0-3 cm by 0-05 cm. 
Gold wires were bonded to the sample ends 
and care taken that the contacts were ohmic. After 
polishing, the surfaces were etched with CP-4, 
or white etch, a mixture of nitric and hydrofluoric 
acid, to remove surface damage. The resistivity of 
the samples varied between 10 and 200 Q-cm. 
Part of the material was grown in standard facilities 
The other part was floating-zone refined Merck 
material. 

The samples, which were held at a vacuum of 
the order of 10-6 mm mercury during part of the 
measurement, were mounted in a chamber and 
connected through a sapphire to a temperature 
bath on one side. A metalized sapphire, which pro- 
vided electrical isolation and insured thermal 
equilibrium, was mounted on the other side as a 
field plate and was spaced with a mylar sheet of 
1 mm thickness as a dielectric. The choice of this 
thickness was influenced by consideration of 
equation (2) in order to make Cp/Cs <1 and the 
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desire to keep the electric field sufficiently uniform 
over the surface area in spite of surface roughness. 
The voltage pulses applied to the field plate had a 
rise time of about 20 sec and a negligible drop of 
the pulse height. A constant current source pro- 
vided a current of about 0-1-3 mA through the 
sample. The ends of the samples were connected 
to the inputs of a differential amplifier. By keeping 
the impedance of this circuit of the order of 10 kQ, 
the feed-through signal from the field plate could 
be cancelled easily. A switch provided the possi- 
bility of reversing the current through the sample 
in order to check that the observed signal was not 
influenced or caused by rectification at the con- 
tacts. The change in surface conductivity could be 
observed directly with a Tektronix scope 532 
using the d.c. channel of the high gain differential 
preamplifier. With this instrumentation, relaxation 
phenomena between 60 yu sec and 0-1 sec could be 
measured. For longer time constants, the signal 
was fed into a Brush recorder which covered the 
range between 10-2 and 3 sec. For still longer time 
constants, a Leeds and Northrup recorder was 
used, covering the range from 2 sec up. It turned 
out that the results in the overlapping ranges for 
the different instrumentations were identical. The 
pulse height for this series of experiments varied 
between 300 and 1500 V. Occasionally, voltages up 
to 3000 V were used. 

During the run, the voltage was kept constant 
and only the temperature was changed slowly and 
continuously. The time constants were either read 
directly from the screen of the Tektronix scope or 
evaluated from photographs or recorder traces. 
The runs were taken with increasing and decreas- 
ing temperature, and were repeated with different 
applied voltages. 

An evaluation of the 7 values is possible if one 
decides to set the unknown statistical factor y 
equal to unity and if one makes the further assump- 
tion of a temperature-independent cross section. 
Equations (3) and (4) can then be simplified to 


On €Xp (Ec—E4,p)/kT] = (3*) 
and 
Cp Exp [(E E4,p)/k T] = (rNyvr)} (4*) 


An approximate level position at JT = 0 and an 
effective cross section can therefore be obtained 
from a plot of log (;Nevr)! and log (rNpvr) 
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against 1000/7. The results of runs with two n- 
type samples are shown in Fig. 1. M2-2A is zone- 
refined Merck material, K77-1A is grown in 
standard facilities. The obtained results show a 
discrete level at 0-52 eV below the conduction band 
and an effective cross section for electrons of 
3 x 10-16 cm?. 

In Fig. 2 the result obtained with three p-type 
samples are shown. Two of the samples are cut 
from a silicon crystal grown in standard facilities. 
The third sample is zone-refined Merck material. 
The activation energies vary between 0-52 eV and 
0-56 eV indicating a discrete level about 0-54 eV 
above the valence band. The cross section for the 
capture of holes is about 2 x 10-15 cm?. 

Two additional experiments with gaseous am- 
bients were carried out. An n-type sample, 4+M-6A, 
was treated with ozone. The results of two runs 
are shown in Fig. 3. They yield an activation 
energy of 0-63 eV and a capture cross section for 
electrons of the order of 10-18 cm?. 

After the runs in vacuum, described in Fig. 2, 
the p-type sample 206-1—1A, was exposed to dry 
ammonia. The results of this pulsed field effect 
run are shown in Fig. 4. The activation energy is 
now 0-72 eV and the capture cross section for holes 
has become of the order of 10-12 cm?. 


CONCLUSIONS 

It should be emphasized that the quoted values 
for the cross sections indicate only an order of 
magnitude. This uncertainty stems from the un- 
known statistical factor for these levels and the 
unknown temperature dependence of the cross 
section. The influence of these approximations, 
however, upon the determination of the level 
position is not significant. 

A cross section of the order of 10-15-10-16 cm? is 
indicative of a neutral center. This suggests that, 
in n-type material the observed level is acceptor- 
like; in p-type silicon, donor-like. This is in agree- 
ment with the observation that the Fermi level in 
silicon surfaces appears to be locked at midgap. 

The question arises whether the two midgap 
levels are present simultaneously. The observation 
in standard field effect experiments tends to give 
evidence that both levels are present. The puzzling 
fact that it is practically impossible to produce an 
inversion layer by application of a strong field 
(unless one goes to elevated temperatures) can be 
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explained with this assumption. The combined 
effect of these two levels leads to a rigid locking 
of the Fermi level at midgap, which one level 
alone would not do. The same line of argument 
explains the observation that an introduction of 
light removes the observed non-equilibrium loop 
in field effect studies. 

A clear cut answer, however, to this question 
can be given through experiments with ambients. 
The Merck n-type sample 4M-6A was exposed 
to ozone which is known to pull the surface towards 
the p-side. Since the activation energy of 0-63 eV, 
as shown in Fig. 3, together with (Ep— Ey) = 0°54 
eV adds up to approximately the full bandgap at 
the temperature of absolute zero, one can conclude 
that the observed relaxation effect is due to the 
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same donor-like level which was constantly ob- 
served in p-type material. This is strongly 
supported by the magnitude of the cross section 
which is characteristic for an attractive center in 
agreement with the previous interpretation. In 
order to show that both levels are present simul- 
taneously also in p-type silicon, sample 206-1-1A 
was exposed to dry ammonia as an ambient. 
Ammonia is known to pull the surface towards the 
n-side. The observed activation energy of 0-72 eV 
as shown in Fig. 4 together with (Ec—E4) = 0-52 
eV adds up to approximately the full bandgap. 
Therefore, the argument used above leads to the 
conclusion that in p-type material the same 
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Fic. 3. Pulsed field effect results for an n-type silicon 
sample under the influence of ozone as an ambient. 


4M-6A n-type silicon 300 Q-cm. 
= 0-63 eV. o, = 1-3 x 10-13 
) = Run No. 1. A = Run No. 2. 


acceptor-like level is also present which was 
always observed in n-type material. The cross 
section of this level supports the previous inter- 
pretation of its charge character. 

Another question should be asked. Do bulk 
levels at midgap contribute to the observed re- 
laxation phenomenon? If bulk states contribute to 
the relaxation process, an additional study must 
be carried out. The voltage dependence of AX 
(t,V), the change in surface conductance, in general 
gives this information. This has been demonstrated 
in gold-doped germanium.) The leading idea is 
that an increase in pulse height finally will empty 
the entire charge out of the surface state and a 
further increase has no effect on the quantity 
§(AX) = AX(0,V)—AX(00,V), which becomes 
constant. If the relaxation effect is caused by a 
bulk-level, however, 6(A&) will still increase with 
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increasing pulse height, and will not reach satura- 
tion. The reason is that increasing pulse height 
still widens the space charge layer and therefore 
still further increases the number of reacting bulk 
states. The criterion that (AX) saturates with in- 
creasing pulse height does not work too well in 
this case. The high density of the surface states 
prevents 6(AX) from reaching a saturation. Al- 
though this criterion cannot be used here to prove 
that only surface states are present, an extrapola- 
tion of the onset of a saturation effect leads to a 
rough estimate of the surface density and yields 
the order of 1018 states/cm?. 

As ordinarily-grown silicon contains an appreci- 
able concentration of oxygen in the lattice, one 
could suspect that the oxygen would cause the 
observed midgap levels. Therefore, the experi- 
ments were carried out also with n-type and 
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p-type material from Merck, with an oxygen con- 
centration of the order or less than 1016/cm. The 
results which can be seen by comparing the data 
in Fig. 1 and Fig. 2 were the same as in ordinary 
silicon. Hall data at elevated temperatures also did 
not indicate the presence of bulk states close to 
midgap though they are hard to detect. 

The results of the application of ambients again 
answers the question above. If one assumes that 
the states in question are bulk states, one cannot 
explain that the application of ambients causes a 
change in the relaxation process. 

The two questions stated above are, therefore, 
answered at the same time. The experiments with 
the ambients show that both levels are present 
simultaneously and that the observed relaxation 
processes are predominantly due to surface states, 
because ambients could not have changed the 
transient behaviour of bulk states. 

The knowledge of the predominant surface 
states in silicon was an important part of the in- 
vestigation of bulk states by the pulsed field effect 
method. 'The measurement of the position and the 
cross section of bulk levels introduced by neutron 
bombardment could be taken easily because of the 


particular properties of the surface states in 
silicon.(4-® It should be added that no change in 
the surface states due to neutron bombardment 
could be observed for the radiation doses used 
(~1014/cm?2). 
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THE EVALUATION OF GERMANIUM SURFACE 
TREATMENTS 


S. R. MORRISON 


Honeywell Research Center, Hopkins, Minnesota 


Abstract—Studies have been made of the variations of electrical surface properties with surface 
treatment. The variables measured are the field effect mobility and the surface recombination 
velocity. A report is presented of the results with various etch systems, the influence of contamination 
in the etch or rinse water (some contaminants are found seriously to alter the characteristics with 
as low as 0-5 p.p.m.) and the variation of surface properties during heat treatment. A method has been 
developed for rapid estimation of surface barrier, density of fast states and reproducibility of the 
surface (with the large number of variables associated with surface treatments, rapidity in accumula- 
tion and interpretation of data is essential). These parameters (surface barrier, etc.) are obtained 
from the measurements discussed above and a set of calibration curves developed for the purpose. 
The method requires the energy levels of the fast states to be independent of surface treatment (or 
another set of calibration curves be developed for the new set of energies) but is self-checking with 
respect to this energy level parameter. Of those treatments used to date, the only one which has not 
been comparable in energy levels produced is the electrolytically etched surface, and a more exact 
analysis by WALLIs and Wanc'*) has indicated also that here the energy levels are at considerably 
different values. The experimental results are interpreted in terms of fast state density and surface 
barrier using this method. Evidence will be presented that under certain treatments water vapor can 


change the density of recombination centers. 


INTRODUCTION The present study was undertaken to provide a 
THE influence of chemical surface treatments on compromise between the cited approaches; to in- 
the physical properties of germanium has received vestigate a wide variety of chemicals, and yet 
a great deal of attention in recent years, but is such obtain information regarding the resulting elec- 
a complex problem that it is still poorly understood. _ trical behavior. With this purpose in mind, it was 
The problem has been approached in the past necessary to compromise somewhat on the exacti- 
from two directions. On the one hand, there has _ tude of the method used by WALLIs et al. in order 
been the principally chemical approach, as that of _ to allow rapid accumulation of data. 
Faust, Creretta and Gatos®), and EL.is®), 
where a wide variety of chemicals is applied to the 
METHOD 


surface, and the action is reported primarily in 
terms of the appearance or of various chemical The method adopted for this study utilizes 


properties of the surface. On the other hand, there simple field effect mobility, ~rz, and surface re- 
has been the principally physical approach used by combination velocity, s, measurements, each of 
Watiis and Wanc@), Harnik and Marcon- which can be made in a few minutes, together 
INSKI), and others as reviewed by Many“), Here, with a calibration curve to be discussed below. 
although careful measurements provide numerical The field effect measurement is the usual low field 
values for the energy and density of fast states a.c. measurement; the value of s is obtained from 
following surface treatments, the experimental a photoconductive lifetime measurement. The 
measurements are very difficult and slow. Thus it germanium used was between 5 and 5-5 Q-cm, 
is impractical to provide the wide variety of treat- with bulk lifetime greater than 100 p sec. 

ments desired for an extensive study relating The use of a calibration curve enables the s and 
variations in chemical treatment to variations in preg measurements to be interpreted visually in 
physical properties. terms of the density of fast-states and the surface 
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barrier. The calibration curves are derived experi- 
mentally, but the theoretical basis is of interest, 
and will be discussed first. 

We will investigate the theoretical reasoning 
behind the calibration curves with the help of Fig. 
1. No attempt is made at rigor in this illustration. 
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Fic. 1. Theoretical basis for calibration curves. 
— WN: represents the density of fast states: 


Nez > Nu > Neo. 


Several workers, as reviewed by Many), have 
shown that in a simple case the relation between s 
and the surface potential ¢; (where ¢s is the 
difference between the Fermi level and the in- 
trinsic Fermi level at the surface) should be 
similar to Fig. 1(a). At constant ¢s, s is propor- 
tional to N;, the density of fast states. The relation- 
ship"? of wrg to ds is sketched in Fig. 1(b), where the 
fact is indicated that at constant ¢5, wrx decreases, 
as N; is increased. Combining these curves 
graphically to eliminate ¢s, we observe that s as 
a function of rg should follow a set of curves such 
as shown in Fig. 1(c), which again are curves of 
constant N;. 

Although it is thus easily shown theoretically 
that curves of the form of Fig 1(c) should be 
characteristic of surfaces, the theory is not suffici 
ently advanced to derive the curves rigorously. 
The approach we have used is to develop the 
curves experimentally. Samples were prepared 
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with various surface characteristics, and were 
cycled between dry oxygen and wet (20 per cent 
RH) nitrogen, while s and rg were followed. The 
assumption was made that with this modest treat- 
ment no change in N; would occur. About two 
hundred such measurements were made,* cover- 
ing most of the range of s and ppg readily available. 
In Fig 2 a few of these measurements are shown 
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Fic. 2. Development of calibration curves from experi- 
mental data. 


as a typical illustration. The dots show the 
measurement in dry oxygen. The curves are the 
path the parameters take as the surface becomes 
more n-type with wet nitrogen. With data of this 
type available, the average is taken by inspection, 
and the curves corresponding to Fig 1(c) are de- 
termined. The broad curve of Fig 2 is the curve 
obtained from the experimental curves shown, 
taking into consideration the numerous curves not 
recorded here. 

Figure 3 shows the set of calibration curves 
developed from the data available. The interpre- 
tation follows directly from the theoretical basis 
discussed in conjunction with Fig. 1. Each of the 
individual curves of Fig. 3 is thus assumed to 
represent a constant fast state density. This density 
(in arbitrary units) can be roughly estimated as 
follows. From the theory of recombination: 9) at a 
constant barrier height, s is proportional to N;, the 


* Surface treatments used in developing these curves 
were varying mixtures of HF-HNOs, with and without 
copper nitrate addition in the etch or rinse water, and 
with and without heat treatment. A few CP-4 treatments 
were also included. 
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density of fast states. In Fig. 3 the barrier height 
is constant at urg = 0, so the density of fast states 
for each of the curves of Fig. 3 should be pro- 
portional to the value of s at urz = 0. This par- 
ticular interpretation requires a dominant state at 
this surface barrier, and the density obtained is 
the density for this dominant state. 
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Fic. 3. “Calibration curves’’—Experimentally deter- 


mined variation of surface recombination velocity with 
field effect mobility at constant fast state density. 


The use of Fig. 3 in evaluating new surface 
treatments is as follows. In principle »rg ands (and 
if necessary ds dug, as obtained from an ambient 
change) provide all the necessary information. 
However, with the calibration curves available, 
it is much easier to compare the characteristics of 
two different surface treatments. If, for example, 
two surface treatments yield parameters repre- 
sented by points A and B (Fig. 3), one can say by 
inspection that point A has a lower density of fast 
states than point B, despite the fact that point A 
has a higher s. In fact, depending on the confidence 
one has that the assumptions below are valid, one 
can even become semi-quantitative and relate the 
density of fast states numerically, through the use 
of s at ure = 0, and relate the surface barriers 
semi-quantitatively by relating it to the distance of 
the point between preg = 0 and preg = max. 


RESTRICTIONS AND ASSUMPTIONS 
The first restriction on the use of the calibration 
curves is the requirement that the temperature 
and resistivity of the sample be the same as those 
from which the calibration curves were obtained. 
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Together with these obvious requirements, how- 
ever, there are more subtle restrictions arising 
from implicit assumptions made in the derivation 
of the calibration curves. 

In order to use the calibration curves even 
qualitatively, data must fit the curves. That is, 
with any surface treatment, a measurement must 
be made of the slope of the curve, ds/durz, as the 
ambient changes, and if this does not correspond 
to that of the calibration curve, one cannot inter- 
pret the results using the calibration curve. At a 
given s and in general ds will correspond 
only if (a) the energy levels, (b) the relative densities 
(if more than one state is important) and (c) the 
cross sections of the fast states are the same as 
those represented by the calibration curves. Con- 
versely, if ds/durz does not correspond, then (a), 
(b) and (c) are not the same as those represented 
by the calibration curves. In our experiments, to 
be discussed below, the only case investigated 
where the surface treatment did not meet this re- 
quirement was the case of electrolytically etched 
surfaces. WALLIS and WANG") also find that in this 
case the fast state energy level is quite different 
from the norm. 

There is one implicit assumption in the above 
discussion, that is that (a), (b) and (c) above, are 
valid throughout the treatments used in develop- 
ing the calibration curves. The correctness of the 
assumption is indicated by (i) the mutual con- 
sistency of the results used to produce the calibra- 
tion curves; (ii) the results of WALLIs and Wanc) 
who find that these characteristics are indeed 
approximately independent of surface treatment 
for most common surface treatments. If the 
assumption fails to a certain degree, then the use 
of the calibration curve becomes inaccurate to that 
degree. 


RESULTS AS A FUNCTION OF ETCH 
TREATMENT 


Three empirical rules seem to evolve from our 
investigations. 

(i) The most significant result is the demon- 
stration that very small amounts of impurity 
in the etch or rinse water have a controlling 
effect on the resulting surface character- 
istics. The most important of these im- 
purities are copper, antimony and silver. 
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The determining characteristic may be the 
position relative to germanium in the 
electromotive series. 

(ii) If the etch and rinse water are free of such 
ions, the surface is always n-type. The 
higher the purity, the more n-type, appar- 
ently, although our sensitivity obviously 
limits the extension of this rule very far. 

(iii) Another empirical rule which seems to be 
followed is that the higher the per cent con- 
centration of HNQOsz in the etch, the more 
p-type the surface, either because it is more 
sensitive to impurities or due to inherent 

properties of the pure etch. 


Figure 4 shows typical results with various etch 
treatments followed by a rinse in relatively pure 
(7 MQ-cm) water. These readings, as with all 
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Fic. 4. Surface parameters for some common etch 
treatments. 


measurements to follow, were made at room tem- 
perature in dry oxygen, with each experiment 
point an average of at least four runs. The probable 
error estimated from these four runs is shown. The 
dots are added to indicate the most p-type point 
in the range (to establish, where doubt exists, on 
which branch of the curve the characteristics lie) 
and do not necessarily represent a measured point. 

Points 1, 2 and 3 represent HF-HNOg3 mixtures 
with increasing HF concentrations. That the 
90-HNOs3 result is about intrinsic corresponds to 
rule (iii) above. The results with CP-4 are observed 
to show a high density of recombination centers 
and very poor reproducibility. Adding impurities 
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can make s lower by making the surface more p- 
type, but the reproducibility is still poor. The 
source of the difficulty seems to be the bromine. 
With the bromine deleted, CP-4 acts just like an 
HF-HNOsz etch. 

Figure 5 shows the influence of impurities. 
Measurements are shown of the field effect 
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Fic. 5. The influence of copper ions in the rinse water, 
making the surface p-type. 


mobility as a function of the amount of copper 
nitrate added to the rinse water following an 
HF-HNOg3 etch. This relationship effectively 
demonstrates the evidence for the three rules 
above. The two points at about 0-04 p.p.m. copper 
nitrate have vertical probable error lines associated 
with them. These points represent results with a 
“pure” water rinse, with no copper intentionally 
added, and the vertical lines are estimated limits 
for the copper concentration, as estimated from 
water resistivity measurements. The value of s for 
these measurements are all between 100 and 
200 cm/sec. The influence of copper ions in send- 
ing the surface p-type is obvious, as is the 
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observation that the surface with a “pure’’ chemical 
treatment would undoubtedly be more n-type 
than those recorded here, there being no evidence 
of saturation. 

Similar results are observed if the impurity is 
added to the etch itself rather than to the rinse 
water. Here, however, the concentration necessary 
is much larger, by a factor of the order of 100, in 
order to exert the same influence. It is possible that 
the influence may arise from residual copper 
nitrate being carried to the rinse water when the 
sample is transferred. Etches such as the Westing- 
house silver etch, the copper etch or antimony 
etch, with 4:2:4 of HF :HNO3:H20 plus 0-02 g/cm? 
of the respective metal salt, inevitably result in a 
p-type surface (s = 200+ 100. cm/sec, = 300+ 
100 cm?/V sec. 

We have performed measurements designed to 
produce a uniform, low s, p-type surface treatment 
and have developed the following as most satis- 
factory. The sample is first etched with 70 
HNO3:30 HF, and rinsed in high resistivity water 
(>5 MQ-cm); the second rinse is water plus 100 
p.p.m. Cu(MOs)s, and a third rinse in high re- 
sistivity water to remove excess copper is pro- 
vided before air drying. This etch results in a 
p-type surface (s = 40+ 20 cm/g, prz = 200+50 
cm?/V sec). 


RESULTS AS A FUNCTION OF HEAT 
TREATMENT 


In Fig. 6 is shown the variation of the surface 
parameters as a function of time and temperature 
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Fic. 6. The variation of surface parameters with dry 
heat treatment. 
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of dry oxygen heat treatment. The surface is 
initially etched to produce a p-type surface. With 
short heat treatment it becomes more n-type, with 
little change in density of fast states; with further 
treatment the density of fast states increases, with 
the surface remaining at about the same barrier 
height. 

The relative humidity during the heat treatment 
is of interest. Fig. 7 shows the variation with dry 
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Fic. 7. The influence of small amounts of moisture on 
the variation during heat treatment. 


heat treatment and moist heat treatment at 100°C. 
The moisture content for the moist treatment 
corresponds to 100 per cent RH at room tempera- 
ture (about 7 mm H20Q). For the dry heat treat- 
ment the oxygen is desicated at room temperature 
by Drierite. 

With larger amounts of moisture the direction 
can be actually reversed. Fig. 8 shows the change 
in parameters using 100 per cent RH at various 
temperatures with a one-hour treatment. Here 
again, of course, the measurements are made at 
room temperature in dry oxygen. Prior to the 
humid treatments, the samples had been baked to 
establish the initial high s condition. At 40°C, the 
fast states are apparently unaffected, although the 
surface goes more p-type. At 60 or 70°C, the fast 
state density apparently decreases considerably 
with the humid treatment. At 90°C, however, the 
fast state density is again relatively unaffected. 
This last result may be due to the fact that at 90°C 
we are in the temperature range where dry heat 
treatments increase the fast state density, so there 
is a conflict between the two effects. 
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From these results, it appears that dry heat 
treatment tends to make the surface more n-type 
and to increase the density of fast states. Humid 
heat treatment tends to make the surface more 
p-type and to decrease the density of fast states. 
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Fic. 8. Humid heat treatment variations. 


The temperature range where dry heat treatment 
effects are rapid is 80°C up, that for humid is about 
50°C up. 

A possible interpretation of these observations 
is that water vapor is dissolved in the oxide layer) 
and reacts with the fast states, possibly changing 
their energy level to an ineffective position. Dry 
heat treatment bakes off the water vapor, regener- 
ating active fast states, and humid heat treatment 
encourages the transfer of water vapor back 
through the oxide, deactivating the fast states. 
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A simple and significant phenomenological in- 
terpretation of the experimental results may be 
that there exists an equilibrium density of recom- 
bination centers and an equilibrium surface barrier 
at each temperature and relative humidity. A 
change in either of these variables will cause a 
drift toward a new equilibrium state. If valid, such 
an interpretation should be extremely valuable in 
explaining some of the long time drifts of surface 
properties, such as are observed with transistors. 
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THE SURFACE RECOMBINATION ON SILICON 
CONTACTING AN ELECTROLYTE 


H. U. HARTEN 


Philips Laboratories, Hamburg, Germany 


Abstract—(1) Excess carriers recombine at the silicon-electrolyte interface in a way not very 
different from that at dry surfaces. (2) The recombination velocity depends on the surface potential 
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in a bell-shaped manner similar to the ‘‘Stevenson—Keyes curve’’. (3) The surface potential can be 
varied in a relatively wide range by applying only some tenths of a volt between silicon and electro- 
lyte. (4) A part of the applied voltage drops across the oxide layer present at the silicon surface. 


INTRODUCTION 
EXTENDED work has been done by many authors 
on metallic electrodes in electrolytes. Besides 
chemical methods mostly the current-voltage 
characteristic and the capacitance—voltage charac- 
teristic have been observed. These methods also 
lend themselves for investigation of semiconduct- 
ing electrodes and some work has been done in 
this direction too.) In addition, information may 
be obtained about effects present in semiconductors 
only, but missing in metals. One of these effects 
is the surface recombination. Some observations 
on this subject are here presented. 


METHOD 
The recombination velocity of excess carriers 
at the surface of a semiconductor can be determined 
from photovoltaic measurements in an arrange- 
ment as shown in Fig. 1: A thin semiconducting 
wafer with p—n junction at one surface is illumin- 


Fic. 1. Principle of the arrangement used for measuring 
the surface recombination velocity. 


This part is larger the thicker the oxide layer in relation to the space charge layer inside the silicon. 
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ated at the opposite surface. If nonpenetrating 
light is used, excess carriers are generated just 
below the surface and the more of them recombine 
at the surface the fewer will reach the junction. 'To 
a rough approximation, the photo voltage at the 
junction will thus be inversely proportional to the 
surface recombination velocity. If penetrating 
light is used, the carriers are generated more 
homogeneously in the bulk and the surface has 
very little influence. The correlation between the 
photo-voltaic sensitivity and the depth of penetra- 
tion of monochromatic light has been calculated 
theoretically) and a fairly good agreement with ex- 
perimental results has been found.®: *) Therefore, 
vice versa, the surface recombination velocity s can 
be determined from such measurements (as well 
as the distance d between surface and junction and 
the diffusion length LZ in the bulk, homogeneous 
distribution assumed). 

Results similar to the ones with dry surfaces can 
be obtained with surfaces contacting an electrolyte, 
at least with silicon. In Fig. 2 the experimental 
arrangement is shown schematically. The silicon 
wafer is about 0-5 mm thick; the junction and 
ohmic contact are made by an alloying technique. 
The light, coming from a high-pressure mercury 
lamp energized by the a.c. mains, is modulated 
nearly sinusoidally at 100 c/s, thus the photo 
voltage can be measured by a tuned wave analyser. 
The light has passed through a single prism mono- 
chromator. The potential between the silicon and 
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Fic. 2. Mounting of the electrolytic cell. 


the electrolyte can be measured at the platinum 
probe with a tube voltmeter and can be varied by 
applying a d.c. voltage at the platinum electrode. 


BASIC OBSERVATION 


In Fig. 3 three typical sets of measurements are 
shown together with the calculated values (solid 
lines). The s-scale is related to the horizontal parts 
of the curves. The agreement between theory and 


experiment is found to be as good as in the case of 
real surface recombination at a dry silicon surface; 
even the disagreement in the lowest curve has been 
observed in a similar manner at dry surfaces. A 
satisfactory explanation cannot be given at present. 
The electrolyte used in these measurements was 
an aqueous solution of NagSOq (ca. Iwt.%,) but 
similar results have been also obtained in distilled 
water and in tetraethylammoniumiodide. Non- 
aqueous solutions were not investigated. 

The above observations suggest the assumption 
that there is no fundamental difference between 
the recombination processes at a dry silicon surface 
and at a surface in contact with an electrolyte. 


THE “STEVENSON-KEYES-CURVE” 

The three curves of Fig. 3 are obtained with a 
single silicon wafer varying the potential difference 
between silicon and electrolyte only by applying 
a voltage to the platinum electrode. The potential 
difference is measured at a platinum wire acting as 
a potential probe. The fact that the contact poten- 
tial between the wire and the electrolyte was fairly 
constant under conditions present in the recom- 
bination experiments has been checked by means 
of a calomel electrode in a special arrangement. 


BARRIER PHOTOSENSITIVITY 


SURFACE RECOMBINATION VELOCITY s, 


DEPTH OF PENETRATION 2, cm 


Fic. 3. Sensitivity of the barrier photo effect vs. 
depth of penetration of light. The solid lines are calcu- 
lated with the formula of Ref. (2). The s-scale is related 
to the horizontal parts of these curves. The measuring 
points are taken of three different voltages Va, namely 
+0:5 V,—0°3 V,+0-1 V (from top to bottom). 
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Thus the measured voltage Vq between wire and 
silicon equals the potential difference V between 
electrolyte and silicon with the exception of an 
additive term which, however, is not relevant even 
if it varies between different sets of measurements. 

It follows from Fig. 3 that the recombination 
velocity s at the silicon electrolyte interface can be 
altered to a large extent by varying the voltage Vg 
within some tenths of a volt only. In order to obtain 
the complete dependence it is sufficient to measure 
the sensitivity at a single (and small) depth of pene- 
tration of light. Knowing d and L from Fig. 3, the 
recombination velocity s can be determined merely 
from this sensitivity. Z is the diffusion length and 
d the distance from surface to junction. 

A typical result is given in Fig. 4 with the sensi- 
tivity scale on the left hand and the calculated 


/ 


Vv 


BARRIER PHOTOVOLTAGE, 
SURFACE RECOMBINATION VELOCITY s, 


0.5 +0.5 
APPLIED VOLTAGE 


Fic. 4. Barrier photo voltage vs. the voltage Va 
applied between silicon and electrolyte (depth of pene- 
tration of light 0:25,). 


s-scale on the right (violet mercury line, wave 
length 0-40 », depth of penetration 0-25 .). Values 
of s beyond infinity are simulated within a small 
region; this stems from the disagreement men- 
tioned above in the lowest curve of Fig. 3. 

The Vq-region within which s can be measured 
is limited by the current in the electrolytic circuit. 
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As shown in Fig. 5 for n-type silicon this‘current 
has relatively small values (<1 A/cm?) if Va is 
negative (silicon anode) and remains nearly un- 
changed within a definite region even if the surface 
is illuminated. s can be observed in this region only, 
because high current disturbs the measurements. 
Neither the conditions which determine the width 
of this region nor the current limiting process 
have been investigated so far. 

In nearly all cases the correlation between s and 
Vq has been found to be V-shaped as shown in Fig. 
4. The assumption suggests itself that these V- 
curves correspond somehow to the “Stevenson— 
Keyes curve’’, i.e. the bell-shaped dependence of 
s on the surface potential, ¢; as calculated by 
STEVENSON and Keyes“). They assume recombina- 
tion centres of the Shockley—-Read type to be pre- 
sent at the surface. If this supposition is correct, 
the applied voltage Vq must influence the surface 
potential ¢; by some sort of “field effect’, an 
obvious assumption recently pointed out by 
Dewa_p™) and earlier by ENGELL and BOHNEN- 
KAMP) who measured the capacitance of ger- 
manium-electrolyte contacts. 


THE SURFACE PHOTO EFFECT 
In the present case, the assumption mentioned 
in the last paragraph has been verified by observing 
another effect greatly influenced by the surface 
potential ¢s: namely the surface photo effect. This 
effect generates a voltage between silicon and 
electrolyte due to the fact that equal numbers of 
excess electrons and holes generated in the bulk by 
light cause non-equal distribution of both carriers 
in the space charge layer at the surface as well as 
in the surface states. Therefore, a rearrangement 
of charges due to a change of the potential distri- 
bution is needed to maintain neutrality. In rough 
approximation—no surface states—it may be said 
that the surface photo voltage is caused by a charge 
separation of excess carriers in the field of the sur- 
face space charge layer. Thus high photo voltage 
should be expected if an inversion layer is present, 
and low voltage with opposite sign should be 
expected in the case of an accumulation layer. 
As shown in Fig. 6 the observation agrees quali- 
tatively with this model: a negative value of Va, i.e. 
silicon anode, makes the surface more p-type 
causing an inversion layer—high photo voltage— 
on n-type silicon and an accumulation layer—low 
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photo voltage—on p-type silicon. As expected, 
both voltages change their signs at different values 
of Vq. In the experimental arrangement (Fig. 2) 
the surface photo voltage is measured at the plati- 


THE SURFACE RECOMBINATION ON SILICON CONTACTING AN ELECTROLYTE 223 


instrument of the barrier photo voltage without 
losing sensitivity if R; is high enough. (In all cases 
R, was 1 MQ and R2 about 1 kQ depending on the 


actual silicon wafer). 


ELECTROLYTIC CURRENT, 


APPLIED VOLTAGE V 


num wire. Using modulated light the photo voltage 
alternates and it can be separated therefore from 
the steady voltage Vg easily. If the light intensity 
is too high, the surface photo voltage becomes a 
non-linear function of the light intensity. Thus, 
the light intensity was adjusted and kept low for 
each of the measurements in Fig. 6. 

The surface photo voltage creates an alternating 
current in the electrolytic circuit causing a voltage 
drop across the base resistance of the silicon wafer. 
That means that an alternating voltage in phase 
with the photo voltage at the junction appears not 
only between the base contact of the wafer and the 
surface but also between the base contact and the 
junction. This voltage adds to the barrier photo 
effect and sometimes exceeds it. A disturbance of 
the recombination measurements, however, can 
be avoided by forming some sort of Wheatstone 
bridge with the two additional resistances R; and 
Rez as shown in Fig. 7. If the ratio Ry/R2 equals the 
ratio of barrier- and base-resistance the bridge is 
balanced and the wave analyser acting as the zero- 
indicator is not influenced by the bridge current, 
i.e. the surface photo current. On the other 
hand, the wave analyser remains the indicating 


Fic. 5. Electrolytic current vs. Va. 
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Fic. 6. Surface photo-voltaic sensitivity effect vs. Va. 
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principally through which the potential drop 


occurs: 


BARRIER RESISTANCE 


IM? 


/ (1) the space charge region within the silicon, 

, (2) the oxide layer at the surface, 

(3) the so-called “Helmholtz layer” caused by 
the finite diameter of the ions in the electro- 
lyte, 

(4) the space charge layer within the electrolyte 

(Gouy layer). 


J The thickness of each of the first two layers may 
R, lie in the order of microns. Therefore the voltage 
drop across the Helmholtz layer (thickness in the 
order of A) may be neglected, as may the drop 
across the Gouy layer if the electrolyte is not too 
diluted. In a very rough approximation the ratio 
of the voltages across the space charge layer and 
across the oxide layer may equal the ratio of the 
thicknesses of both. Then a definite variation of 
Vq causes a variation in ¢s which is larger the 
thinner is the oxide layer relative to the space 
charge layer. In a second rough approximation it 


BASE RESISTANCE 


Fic. 7. Scheme of the Wheatstone bridge-like connection 
avoiding the disturbance of the barrier photo effect due 
to the surface photo current. 


THE INFLUENCE OF AN OXIDE LAYER 
From the observations mentioned above it 
follows that the applied voltage Vq affects the sur- 
face potential ¢, and that the covered range of ¢; is 
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Fic. 8. Barrier photo effect vs. Va with different silicon 
wafers after different surface treatments. From the left to the 
right decreasing resistivity (decreasing thickness of surface 
barrier layer), from top to bottom increasing thickness of the 
oxide layer. 


larger than with field effect experiments at dry 
surfaces. The exact correlation between Vg and dz, 
however, is not known. At the silicon-electrolyte 
interface four different layers can be distinguished 


may be assumed that the width of the Stevenson- 
Keyes curve, related to ds, does not depend on the 
bulk resistivity of the silicon and that the width is 
not influenced by a surface oxidation—in other 
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words, that the type, not the number, of the actual 
recombination centres at the surface is almost the 
same. With these assumptions it follows that if the 
space charge layer is thick (high resistivity silicon) 
and the oxide layer is thin (etched surface), a 
relatively small variation of Vq is sufficient to cover 
the Stevenson—Keyes curve completely. Therefore 
the measured V-curve, related to Vg, should be 
narrow. The curve should be widened if the thick- 
ness of the space charge layer is decreased (low re- 
sistivity silicon) or if the oxide layer has grown 
thicker. 

Corresponding measurements are shown in Fig. 
8. Four wafers of silicon with different bulk re- 
sistivities have been investigated after three differ- 
ent surface treatments, namely 

(1) etching with HF (thin oxide layer), 

(2) oxidation with aqueous solution of KgCr207 

(medium oxide layer), 
(3) electrolytical oxidation with CH3COOH 
(thick oxide layer). 


The result corresponds to the expectations and 
therefore may justify the somewhat venturous 


assumptions. 
The exact correlation between Vq and ¢z is not 


yet known. For this purpose measurements of the 


surface conductance and the contact capacitance 
have been started and preliminary results led to the 
assumption that, at least in some cases and in a 
limited region, the surface potential ¢; follows 
nearly exactly the applied voltage V2. 
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SECTION VI. THEORY 


SURFACE STATES ASSOCIATED WITH ADSORBED 
ATOMS 


T. B. GRIMLEY 


Department of Inorganic and Physical Chemistry, University of Liverpool, Liverpool, England 


Abstract—When a /oreign atom is in interaction with a crystal surface, discrete electron levels may 
exist. These levels lie outside the normal crystal bands (including any surface bands) and the corre- 


sponding wave functions are large on the foreign atom and on the crystal atoms near it in the surface 
but fall to zero at points in the crystal remote from the foreign atom. Such levels allow for the for- 
mation of localized bonds between the foreign atom and the crystal. For semiconducting crystals 
they can provide surface traps for either electrons or positive holes. When the surface is completely 
covered by foreign atoms, bands of surface states may exist although no surface states exist when 


1. INTRODUCTION 
THERE are two important problems in electronic 
structure to be solved before we can get a clear 
understanding of the surface properties of solids. 
First, there is the problem of a solid with a free 
surface, and second, there is that of the same solid 
with its surface contaminated by adsorbed atoms 
or molecules. The first of these has a history going 
back to TamMm’s”) paper in 1932, but the second 
has only recently received attention, and there 
is still a good deal to be discovered about it even 
with the simplest wave mechanical methods. If we 
use the simple LCAO (linear combination of 
atomic orbitals) approximation with a model 
crystal whose important electronic structure when 
there are no free surfaces consists of one band, de- 
rived in the LCAO approximation from a single 
atomic state, we can handle many problems in- 
volving chemisorbed atoms. For example, we can 
show how localized bonds are formed between a 
foreign atom and a crystal surface, %) and by 
treating the case where two foreign atoms are 
present, we can see that there are important inter- 
actions between chemisorbed atoms which actually 
take place through the crystal. Kourecky®) has 
discussed the situation for two foreign atoms using 
a one-dimensional model for the crystal. However, 


the surface is clean and no discrete levels are formed when only one foreign atom is present. 


227 


there is no difficulty with a three-dimensional 
crystal, and the results will be mentioned in the 
present paper. In view of the important interaction 
effects exhibited when two foreign atoms are 
present, it is natural to consider the extreme case 
of a crystal surface completely covered by foreign 
atoms. This is actually a simpler problem than 
either of those mentioned above, and we shall dis- 
cuss it in Section 5. It is obviously important to 
have a clear idea of what the terms “‘surface state”’ 
and “localized state’’ mean in our model. We begin 
therefore by examining briefly the electronic 
structure of a crystal with a free surface, ) and that 
of a crystal with one foreign atom adsorbed.) 


2. A CRYSTAL WITH A FREE SURFACE 

Consider a simple cubic crystal in which the 
positions of the atoms are specified by vectors 
m = m)T™1+Met2+mM3T3. mj, Mg and mg are in- 
tegers, and t, Tz and t3 are the vectors which map 
out the unit cell. Associated with each vector m we 
introduce an atomic orbital ¢(r,m), and assume 
that any wave function (r) for the crystal can 
be expressed as 


(r) = > d(r,m)c(m). (1) 


Substituting this into the Schrédinger equation 
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Hs = Es, neglecting overlap between the atomic 
orbitals, and retaining only interactions between 
nearest neighbours, we arrive at the usual set of 
linear equations 


(E—a)e(m) = + 
+73) + c(m—T3)].(2) 


x is the Coulomb integral and £ the resonance in- 
tegral between nearest neighbours in the lattice. 
In the usual crystal problem we imagine that we 
have to deal with an infinite crystal which, however, 
is divided up into finite cubes each containing a 
large number of atoms. We then impose the con- 
dition (a boundary condition on the difference 
equation (2)) that the wave functions are the same 
at equivalent points in every cube. If there are N 
atoms along each cube edge, this condition is 
expressed by saying that 


c(m) = c(m+ Nr), (3) 


where t stands for either t), T2 or T3. In this way, 
everything connected with the possible existence 
of free surfaces is removed from the problem. The 
solution of equations (2) and (3) is 


c(m) = exp + m262 + m343) | (4) 
with 6), 62 and 63 integral multiples of 27/N, i.e. 
6, = 2kin/N, <4N), 62 = 2kon/N, 
(—3N <ko <4N), 63 = 2kgx/N, (—4N <4N) 
The corresponding energy levels are given by 

E = «4+2£(cos 6; + cos 62+ cos 43). (5) 


We note that the wave functions (4) have periodic 
properties in all directions in the crystal. 

For a finite crystal we obviously cannot impose 
the periodicity condition of equation (3). Suppose 
for example that we have a crystal confined by 
«100» planes at mg = 0 and mg = N, but stretch- 
ing to infinity in the other two directions. The 
vector Tz is perpendicular to the free surfaces; 
7, and Tz are parallel to the free surfaces. In the 
directions of t; and t2 we can still impose the 
periodicity condition (3) but we need new 
boundary conditions in the tg direction, These 
new conditions must take account of the existence 
of the free surfaces. The simplest way to do this is 
to change the Coulomb integral on the surface 


T. B. GRIMLEY 


atoms from its value « in the interior to a new value 
«’. Let s be a vector of the form m)t1 + mote. Then 
$ specifies the position of any atom in the surface 
m3 = 0), and for these atoms 
[E—«']e(s) = +2) + 
(6) 
This is the boundary condition at mg = 0. At the 
plane m3 = N we would also have a condition 
similar to equation (4). However, if N is large, this 
boundary condition cannot affect the conditions 
near mg = 0 in any important way, and we shall 
assume instead that the wave functions vanish on 
the plane mg = N. This defines our problem as 
that of a crystal with one free surface, namely 
that at mg = 0. The solution of equation (2) with 
our new boundary conditions is 


c(m) = exp [i(m 4) + m262)] sin(N—mg)63. (7) 


6; and @2 are defined in the same way as before, and 
the energy levels are still given by equation (5). 
The difference is that 63 is now one of the N roots 
of the equation 


=+cos 63+sin 63 cot = 0 (8) 
= (9) 


For each root of equation (8) there are N? states 
corresponding to values of 6; and 62 in the range 
between —7z and z. Equation (8) has at least N—1 
real roots, and according to equation (7) the 
corresponding wave functions are periodic in the 
crystal. If we write « = (E—«)/28, these N*(N—1) 
states lie in the range 

—3<e<3 (10) 


which defines the familiar band of crystal states. 
The remaining root of equation (8) may also be 
real, and in this case the remaining N? states are 
also ordinary crystal states lying in the band (10). 
But if |z| > 1+ .N~1, the remaining root of equation 
(8) has 63 of the form 7€ or 7+7€ with & real 
and positive. The wave functions for these states 
are not periodic in the t3 direction (perpendicular 
to the surface). Instead, the amplitude is large 
at the surface but falls steadily in the interior 
of the crystal. The N? levels of this sort constitute 
a band of surface states. The quantity € determines 
the spread of the wave functions into the 
interior of the crystal; the higher the value of €, 


with 
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the more accurately are the surface states confined 
to the surface layer of atoms. A surface band 
with 03 = i€ has e—cos 6; —cos 62 positive, and 
will be called a Y band; a band with 03 = 7+7€ 
has e— cos 6; — cos 62 negative and will be called an 
MN band. For large N, a F band exists if z <—1; 
for z > 1 there is an. band. In either case the € 
value is given by |z| = exp. If 8 <0, a F band 
has its centre displaced below that of the normal 
crystal band whilst an ./ band has its centre above 
it. If 8 > 0, the situation is reversed. We note also 
that unless |z| exceeds a certain critical value, the 
surface band overlaps the normal crystal band. 
The surface states discussed above are what are 
usually called Tamm states. They arise because 
the energy parameters (in our case only the 
Coulomb integral) in the surface region are differ- 
ent from those in the interior. We know from the 
work of SHOCKLEY) and ARTMANN®) that had we 
introduced more than one atomic orbital on each 
crystal atom so as to produce an overlapping band 
system then, even without modifying the energy 
parameters in the surface region, bands of surface 
states can be formed. These Shockley states are 
difficult to treat even in the simple LCAO approxi- 
mation, and we shall not discuss them further. 


3. A CRYSTAL WITH ONE ADSORBED ATOM 

With the same notation as in Section 2 suppose 
there is a hydrogen-like foreign atom adsorbed 
over the surface crystal atom specified by m; = 
mz = m3 = 0. The position of the foreign atom is 
specified by the vector A = At3, where A is negative 
and non-integral, and associated with A there is an 
atomic orbital 4(r,A). We now have a similar 
problem to that of Section 2 except that the orbital 
¢(r,A) must be included in summation in equation 
(1), and we need some new boundary conditions 
to take account of the presence of the foreign atom 
on the surface. Let «’’ be the Coulomb integral on 
the foreign atom and let p’ be the resonance in- 
tegral between this atom and the surface crystal 
atom over which it is adsorbed. Then 


[E—a']e(A) = B'e(0). (11) 


The presence of the foreign atom will change the 
Coulomb integral on the surface atom over which 
it is adsorbed from its normal value «’ to a new 
value «’ + V, but in the nearest neighbour approxi- 
mation this is the only change to be made. Hence, 
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our previous boundary condition (6) holds for all 
surface atoms except the one at the origin (s = 0), 
and for this atom we have instead 


(12) 


With these new boundary conditions, the differ- 
ence equation (2) does not have a simple solution. 
A solution (a Green’s function solution) can how- 
ever be obtained by the methods developed by 
BaLpock™) and by Koster and Srater®). The 
results depend upon the parameter z which governs 
the occurrence of surface states for the crystal 
alone, and on three new parameters which specify 
the interaction between the foreign atom and the 
crystal. These parameters are 


f= —V/p, 2’ = (a—«”)/B, » = B’/B. (13) 


Suppose first that |z| < 1 so that the crystal has no 
surface states. Then it turns out that the system 
foreign atom plus crystal may have Jocalized states. 
The wave functions for these states are large either 
on the foreign atom, or on the crystal atom over 
which it is adsorbed, or on both, but fall to zero at 
points in the crystal remote from the foreign atom. 
The wave functions are not periodic in any direc- 
tion in the crystal, and the corresponding energy 
levels lie outside the normal band of crystal states 
defined by equation (10). At the most two localized 
states can be formed, and depending on the values 
of the interaction parameters (13), there may 
be only one or even none. In the latter case, 
all the V?+ 1 states of the system are non-localized, 
their wave functions are periodic in the crystal, and 
their energies lie in the band (10). Localized states 
will be called F or states according as they have 
positive or negative values of «. If 8 <0, FP states 
have energies lying below the normal crystal band, 
M states lie above it. 

If |z| > 1, the crystal has a band of surface states, 
and this has an important effect on the positions 
of any localized states. Namely, any such states 
must lie outside the surface band as well as outside 
the main band of crystal states. 

In concluding this brief survey, we note first 
that localized states allow for the formation of 
localized bonds between the foreign atom and the 
crystal, and second that with semiconducting 
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for either electrons or positive holes. 


4. A CRYSTAL WITH TWO ADSORBED ATOMS 

When two foreign atoms are present on the 
crystal surface, the wave functions for the system 
are either even or odd under the operation of in- 
version in the mid-point of the line joining the two 
atoms. In particular this applies to any localized 
states. When the two foreign atoms are infinitely 
far apart, any localized levels are doubly degener- 
ate, but at any finite separation each level splits 
into an even and an odd level. If no surface states 
exist for the crystal alone, the even localized states 
lie further from the normal crystal band and the 
odd states lie closer to it than the original doubly 
degenerate level. The magnitude of the splitting 
increases as the distance between the two atoms is 
reduced, and depending on the position of the 
doubly degenerate level when the two atoms are 
far apart, there may be a critical value of the 
separation below which the odd localized state 
merges into the normal crystal band. When this 
happens the state is no longer localized. There is 
therefore the possibility that, although a localized 
state exists when one foreign atom is adsorbed, we 
do not get two localized states when two foreign 
atoms are present. This shows how the nature of 
the bond between one foreign atom and the crystal 
is modified by the presence of another atom ad- 
sorbed near it. It is important to realize that this 
effect is not due primarily to any direct interaction 
between the adsorbed atoms. The effect persists 
even when the resonance integral between the two 
adsorbed atoms is put equal to zero. There is an 
interaction taking place through the crystal by a 
certain delocalization of the bonding electrons in 
the crystal surface. 

In view of these results we might speculate a 
little on the situation when the crystal surface is 
completely covered with adsorbed atoms. First we 
expect to find bands of surface states instead of the 
discrete localized states of a single adsorbed atom. 
Second, in view of the results when two foreign 
atoms are adsorbed, we would not expect that the 
surface bands would always contain as many levels 
as there are surface atoms. These speculations are 
in fact sound, but because surface states do not 
necessarily lie outside the normal crystal band 
whereas localized states always do, the completely 
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crystals, they can provide localized surface traps 


covered crystal shows some new features. We shall 
therefore examine it in more detail. 


5. A CRYSTAL SURFACE COMPLETELY COVERED 
WITH ADSORBED ATOMS 


A simple cubic crystal has every atom in a 
<100> surface covered by a_ hydrogen-like 
foreign atom. We handle this problem in the 
simple LCAO approximation by changing the 
Coulomb integral from its value « in the interior 
of the crystal to «’ on the crystal atoms at the sur- 
face, and to «’’ on the atoms in the adsorbed layer. 
Also the resonance integral is 8 between nearest 
neighbours in the interior of the crystal, 8’ between 
a surface crystal atom and the adsorbed atom over 
it, and 8” between nearest neighbours in the 
adsorbed layer. These modifications of the energy 
parameters give two boundary conditions on the 
difference equation (2). The solution is simple. We 
have 

c(m) = exp [1(m6, + m262)] sin(N—ms3)63 (14) 
for all atoms m in the crystal, and 

c(A) = C exp 01 + m262)] (15) 


for all atoms A in the adsorbed layer. 4; and 6 are 
integral multiples of 27/N just as in Section 2, but 
63 is one of the roots of the equation 


[z+ cos 63+sin 43 cot N@3] [2’+2(1—7') x 


x (cos 6;+ cos 62)+ 2 cos 43] = 7°. (16) 
Here 
z= (a—a’)/B, 2’ = (a—a")/B, = 
= (17) 


The energy levels are given by 
= cos cos 62+ cos 63 


with « = (E—«)/28. We note that a crystal with a 
free surface is really a special case of the present 
problem. It is obtained when 7 = 0 by setting the 
first factor in equation (16) equal to zero. 

Real roots 63 of equation (16) give energy levels 
lying in the normal crystal band (—3<e<3), and 
according to equation (14) the corresponding wave 
functions are periodic in all directions in the 
crystal. These are non-localized states associated 
with the crystal and the adsorbed layer. On the 
other hand, equation (16) may have roots with 63 
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of the form ié or 7 +7£ with é real and positive. The 
corresponding wave functions fall steadily as we 
move into the crystal away from the surface. These 
are surface states associated with the adsorbed 
layer and the crystal surface. States with 03 = 7€ 
will be called FY states, those with 63 = 7+7€ will 
be called / states, and in general we would expect 
to have bands of such states. A complete surface 
band will contain as many levels (N72) as there are 
atoms in the crystal surface. Now the condition 
that, for example, a complete Y band exists is that 
equation (16) has a root 63 of the form 7€ for all 
values of 0; and 6g. It is easy to see that this is not 
always possible, and that F states might exist only 
for a certain range of values of (cos 0; -+cos 2). In 
this case only an incomplete F band is formed. 
Similar remarks apply to the . band. As an 
example of this sort of situation we illustrate in 
Fig. 1(a) the electronic structure at complete 
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Fic. 1. Examples of the electronic structure at complete 
coverage. 
(a)z = 2’ = 0, 7 =}, 7? = 1 
(b)z = -1, 2° =0, =3, 7? =1. 


surface coverage for z= 2'=0, 7’ =4 and 
7? = 1. There is an incomplete F band and an in- 
complete . band, each of width 1-5/8], and these 
two surface bands are just touching at the centre 
of the normal crystal band. Of the extra N? levels 
which the adsorbed atoms bring to the system, 
those not in the surface bands are of course to be 
found as non-localized levels in the normal crystal 
band. A rather different situation is shown in Fig. 
1(b). Here the interaction parameters are z = —1, 
2’ = 0, yn’ = dand 7? = 1. There is an incomplete 
MN band lying wholly within a complete band. 
These are just two examples (among many) which 
confirm our speculation at the end of Section 4 
that surface bands for a completely covered sur- 
face need not necessarily contain N? levels. Again 
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we note that this result does not depend on any 
direct interaction between the atoms in the 
adsorbed layer. It persists even if »’ = 0 so that 
the important interaction is actually taking place 
through the crystal. There is however, a more 
remarkable feature present in the examples quoted 
above. Namely, that we find bands of surface 
states at complete coverage with values of the in- 
teraction parameters for which no localized states 
exist when only a single atom is adsorbed. Again, 
this result is a rather general one, which persists 
even when 7’ = 0. It is another indication that 
the nature of the bonding between the adsorbed 
atoms and the crystal must change in going from 
a sparsely covered to a completely covered surface. 

At the most two surface bands can exist, and 
these can be any combination of P and W bands. 
There may be only one band but provided that 7’ 
is not too near unity, a surface band of some sort 
(possibly incomplete) exists for all values of the 
interaction parameters. If »’ is exactly unity, the 
situation is simple because the second term in the 
second bracket in equation (16) vanishes. This 
means that if a surface band exists at all, it is a 
complete band, and every state in it is characterized 
by the same value of €. There may be two surface 
bands or only one, and if 7? < 2, there is a region 
round z = z’ = 0 where no surface bands are 
formed. In this case a complete layer of adsorbed 
atoms is bonded to the crystal without any localiza- 
tion of the bonding electrons. 


6. CONCLUSIONS 

An attempt has been made to show how the 
problem of the electronic structure of a crystal with 
either a clean or a contaminated surface is handled 
with the simplest wave mechanical method. 
Kovutecky®: 9) has shown how these problems can 
be formulated in a rather general way by using 
Wannier functions instead of ordinary atomic 
orbitals. When this is done, the important features 
present in the simple LCAO approximation are 
retained. It seems clear therefore that simple 
methods can provide a good indication of the sort 
of results to be expected in a more exact theory. 
This is of course already known to be the case in 
many other fields, for example in dealing with the 
electronic structure of molecules. 

The most pressing need at the moment is surely 
to extend our calculations to crystals with several 
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bands derived, in the LCAO approximation, from 
several atomic states. This does not present any 
formal difficulty, but the resulting equations are 
quite complicated, and it is not easy to extract any 
useful information from them. Another important 
problem is that of crystals with the diamond lattice. 
This lattice can be regarded as two interpene- 
trating face centred cubic lattices, and because of 
this, even a “one band model” shows an incipient 
band splitting in the sense that the normal crystal 
band has zero density of states at its centre. We also 
know from BaLpock’s‘?) work that, if the crystal 
has a free surface, then even if the energy para- 
meters for the surface atoms are not changed, the 
model shows a band of surface states of zero width 
with energy lying at the centre of the normal 
crystal band. In view of this result it would be very 
interesting to try to treat both clean and contamin- 
ated surfaces of such a crystal using a “two band 
model” with s and p atomic orbitals on the crystal 
atoms. 

Returning now to the one band model, we have 
seen how localized states are formed when one 
foreign atom is adsorbed. These states are associ- 
ated with both the foreign atom and the surface 
crystal atom over which it is absorbed, and we 
need scarcely add that they may be anionic 
(electron concentrated more on the adsorbed 
atom), cationic (electron concentrated more on the 
crystal) or even homopolar (electron shared equally 
between the adsorbed atom and the crystal). When 
two adsorbed atoms are present, the situation as 
regards localized states is rather similar to that with 
a homonuclear diatomic molecule except that there 
is an important interaction taking place through 
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the crystal, and we have the requirement that 
localized states for the two adsorbed atoms must 
lie outside the normal crystal band. When the 
crystal surface is completely covered with adsorbed 
atoms, we find bands of surface states instead of 
discrete localized states. We have also seen that 
such surface bands (perhaps incomplete) may 
exist even though no discrete states are formed 
when only a single adsorbed atom is present. The 
reverse situation may also arise. Namely, that al- 
though there is a localized state when a single atom 
is adsorbed, we do not get a complete surface band 
when the surface is covered. This possibility stimu- 
lates an interesting speculation. Suppose that im- 
portant binding of the adsorbed atom to the 
crystal surface must involve the formation of a 
localized state. Then to bind a complete layer we 
would need a complete band of surface states. In 
view of what has been said above, this may be 
impossible, and it appears therefore that there is 
a mechanism here for the formation of a saturated 
surface layer when only a fraction of the surface is 
covered. 
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Tue first condition for the development of a theory 
of the influence of surface states upon various 
physical and chemical processes taking place on 
the surface of solids consists in the achievement 
of clear and exact conceptions of the energy spec- 
trum of an electron in a limited crystal. In this 
report we therefore concentrate our attention on 
just this fundamental problem of the theory of 
surface states, without considering the further im- 
portant stages through which the theory must pass 
to be applicable to a quantitative elucidation of 
surface processes, such as the question of the 
statistical distribution of the electrons among the 
individual energy levels and the elaboration of a 
theory of the individual surface processes. 

The theory of surface states has hitherto been 
treated only by methods based upon the one- 
electron approximation. An attempt has been made 
to treat the theory of chemisorption on metals by 
a method beyond this approximation. However, 
this is an isolated work, and deals only with a re- 
lated problem.) For this reason our report also 
sets out from the one-electron approximation. 

The long development of the theory of surface 
states from the first paper by TAMM®), published 
in 1932, has supplied comparatively few works 
dealing with this subject, the fundamental signifi- 
cance of which is obvious. This has probably been 
caused by the circumstance that the difficult 
experimental technique of the investigation of 
surface processes has up to quite recent times not 
advanced far enough to present direct stimulation 
for the development of a theory in this field. The 
small number of publications®-?!) could not 
elucidate the pertinent problems, because it was 
found that the surface states of electrons in crystals 
are produced in various ways. The older works 
have therefore led to discrepancies, caused by un- 
justified generalizations of results depending on 
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the calculating methods employed by the indi- 
vidual authors. Great progress in the classification 
of surface states was achieved by the work of 
SHOCKLEY(!2); However, some unclear points 
not been eliminated even by newer publications 
setting out from a division of the surface states 
into Tamm states and Shockley states. We there- 
fore believe that just at present—when the experi- 
mental technique of the investigation of pure sur- 
faces has arrived at a real possibility of following 
surface states not caused by chemisorption or sur- 
face irregularities—it is fitting to present a survey 
of the fundamental conceptions of the states of 
electrons localized in a crystal surface. Specia 
stress will here be laid upon a qualitative dis-] 
cussion, because just this is important for a correct 
elucidation of surface processes. The suitability of 
the approximate calculating methods employed, 
to which appropriate attention will be paid, also 
depends on the character of the surface states. 
Of the Tamm surface states it is known that 
they are caused by the difference between the 
potential in the elementary cells lying directly 
under the crystal surface and the potential within 
the crystal. It is clear that the electron exhibits the 
tendency to remain in a region of an advantageous 
potential energy and, for this reason, an especially 
low energy will be encountered in states with an 
electron density materially higher at the surface 
of the crystal if the potential there is lower. If this 
deformation of the potential is sufficiently great, 
it can happen that in a certain state the electron is 
localized at the crystal surface in such a sense that 
the probability of finding the electron in this region 
is fixed, even if the dimensions of the crystal grow 
beyond any limits. We must bear in mind, how- 
ever, that for non-localized volume-states exhibiting 
a higher energy the probability of the occurrence 
of an electron in the boundary region of the crystal 
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is lower than the probability of its occurrence 
within the crystal. For this reason the electron 
density at the crystal surface differs from the 
electron density within the crystal only when 
some of the energy levels under consideration re- 
main unoccupied. If, on the other hand, there is a 
higher potential at the surface of the crystal the 
electrons in the states of lower energies tend to 
remain beyond this region so that the over-all 
electron density in volume states is higher within 
the crystal than under its surface. This difference 
is again compensated for by a surface state with 
higher energy. The formation of a surface state 
requires that the energy of such a state lie outside 
the band of allowed energies of the infinite crystal. 
Consequently, it is advantageous for the occur- 
rence of Tamm surface states that there are con- 
siderable gaps between the individual bands of the 
volume states. It is therefore obvious that an 
especially suitable method for the investigation of 
Tamm surface states is the tight-binding method. 

A characteristic feature of the theory of surface 
states is the existence of conditions for the occur- 
rence of surface states that specify what difference 
there must be between the characteristics of the 
potential in the cells lying directly under the sur- 
face and of that in the cells within the crystal. 
Since the causes of the existence of Tamm surface 
states are in principle clear, the interesting prob- 
lem is here only the dependence of these conditions 
on various factors. For our investigations we can 
select a model in which we consider a single band 
of energies, i.e. energies pertaining to wave func- 
tions for whose notation we need only the quantum 
number k, characterizing the behaviour of the wave 
function under the operation of the elementary 
translation ge of the crystal lattice: 


= exp Ye(r). (1) 


Such a model is suited only for crystals having 
a single atom in the elementary cell. But in this 
case we shall continue to speak of elementary cells 
in order not to lose the connection with implicit 
symmetrical properties and to indicate the possi- 
bility of generalization to crystals with several 
atoms in the elementary cell. 

The wave function of an electron in an infinite 
crystal can be expressed as linear combination of 
the Wannier functions which are approximately 
localized in the regions of the individual elementary 


cells. We can imagine the finite crystal to be 
singled out of a cyclic crystal, for which the Born— 
Karman conditions hold, by inserting a high poten- 
tial in the part of the cyclic crystal which supple- 
ments the finite crystal to the cyclic one.“4% The 
wave functions of the electron in the finite crystal, 
which describe the state of this electron moving 
inside the finite crystal, can then be approximated 
with sufficient accuracy by the linear combination 
of the Wannier functions approximately localized 
in the elementary cells of the singled-out finite 
crystal and, perhaps, also of the Wannier functions 
pertaining to the elementary cells of the cyclic 
crystal at a short distance from the finite crystal. 
The formal similarity of the Wannier functions 
and the atomic orbitals of the tight-binding method 
shows that the tight-binding method can be con- 
sidered to be a suitable approximation of the 
general expression of the wave function of the 
electron in the crystal. It is obvious that the form 
of the wave function, as well as that of the corre- 
sponding orbital energy, depends essentially on the 
form of the Wannier functions and on the de- 
pendence of the orbital energy on the quantum 
numbers & that characterize the behaviour of the 
wave function under elementary translations in 
the initial cyclic crystal. From this viewpoint the 
treatment of the problem of surface states, using 
the tight-binding method, appears to be a suitable 
first approximation: an approximation, however, 
whose consequences as well as the range of validity 
must be verified on more complicated models. For 
this reason, a more general theory was developed 
which, in addition to the mentioned formal simil- 
arity to the tight-binding method, affords the 
significant possibility of investigating more com- 
plicated models.“ 22) This theory sets out 
methodically from the works of Koster and 
SLaTER®®), BaLtpock"®) and Lirsuitz 4). From 
BaLDOcK’s procedure“®) it differs, apart from the 
use of Wannier functions, by the fact that it sets 
out from the orbital energies and the wave func- 
tions of an infinite (or a cyclic) crystal and not 
from the analogous quantities of a finite crystal 
not exhibiting a deformation of the potential in 
the cells lying under the surface. 

Older papers, regardless of whether their authors 
had assumed a special potential shape®: 5) or used 
the tight-binding method, 8- 10. 15.16) were re- 
stricted to the deformation of the potential inside 


» 
VO) 
1: 
1 
4 


the elementary cells located directly under the 
surface. It was assumed that only the Coulomb in- 
tegrals of the surface atom and, perhaps, the ex- 
change integrals‘: 16) of these atoms, were differ- 
ent from the corresponding magnitudes for the 
atoms lying within the crystal. For this reason, it 
was logical to undertake in the framework of the 
tight-binding method a generalization for the 
simplest (viz. cubic) crystal, based upon the con- 
sideration of the deformation of the potential pene- 
trating deeper below the surface.) By taking into 
account the dependence of the energy on the wave 
vector given by the relation 


Ex = (2) 


(a denotes the length of the elementary translation) 
it was possible to obtain a very simple equation for 
the calculation of the energy of the surface states. 
We give here the result for the case that the 
potential is still appreciably deformed in the cells 
adjoining the surface cells. 

We denote the sought energy of the surface state 
by W and define 


€1Uo9 = doAVao dv, = J GAVay dv, 
(Uy = q@AVay dv, B = W/ei, (3) 


where ap denotes the Wannier function localized 
in the cell directly under the surface, a; the 
Wannier function in the second layer from the 
surface, and AV the deformation of the potential. 
The equation for calculating the energy reads: 


[i+ 


B—Uoo 
By examination of this we easily find the con- 
ditions for the existence of the surface states, as 
given in Table 1. This table shows first of all that 
the surface states can exist even when the simple 
condition 


|Uoo| > 1 (5) 


does not hold, which must occur when the per- 
tubation of the potential penetrates only into the 
surface cells, i.e. when Up, = Uy, = 0 holds. 

It is interesting that one of the surface states can 
exhibit a wave function with the maximum ampli- 
tude in the cells adjoining the surface cells. The 
energy of this subsurface state is lower than the 
energy of the states with the maximum amplitude 
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on the surface if the potential in the surface cells 
is higher than inside the crystal. 

A further possible generalization of the theory 
of the Tamm surface states consists in a more 
general assumption as to the form of the depend- 
ence of the energy on the wave vector. The physical 
interpretation of this generalization is afforded by 
considering the exchange integrals of the Wannier 
functions, or of the atomic orbitals pertaining to 
non-adjoining cells, or by the assumption of a 
more complicated geometric structure of the 
crystal. The simplest possible generalization of 
this kind is present by the following form of the 
dependence of the energy on the wave vector (21): 


Ex = €0+2e1(cos + cos kya + cos + 
+ 2€2(cos + cos 2kya + cos (6) 


if we consider the deformation of the potential in 
the first cell only (i.e. Uoo 0). 

Instead of the single condition for the existence 
of Tamm surface states the following two con- 
ditions must be simultaneously satisfied: 


| Uoo| | Uoo— €2/€1|? | Uool. (7) 


We see that the deformation of the potential must 
be greater than would correspond to the condition 
(5) when Upoo and e2/e, have equal signs, while 
the occurrence of surface states is impaired when 
these values exhibit opposite signs. For instance, if 
|e2/e1| = 0-25 surface states are produced provided 
that |Uoo| > 1:45 and sign Uoo = sign (e2/e1) or 
|Uoo| > 0-25 and sign Upo = —sign (e2/e1). Besides 
this we notice that the coefficients in the wave 
function of the surface states are for some values 
of the parameters an oscillating function of the dis- 
tance from the surface; but this periodic function 
is modulated by an exponentially descending 
function. Finally, if sign Upp = sign (e2/e1), the 
absolute value of the energy of the surface state, 
calculated for the energy given by equation (6), is 
greater than if we neglected the magnitude e2: On 
the other hand, if sign Up9 = —sign (e2/e1), this 
value is smaller than the value calculated for the 
energy according to equation (2). 

Still more complicated assumptions as to the 
energy of surface states were made by Mave‘) and 
Ba.pock"!®), However, the discussion of the results 
cannot be very clear due to the complexity of these 
assumptions. 
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Table 1. Examples of conditions for the existence of surface states when Ui, = 0 (cf. eq. 3). According to 
Refs. (19) and (35) 
No. Occurrence of surface states Conditions 
1 No surface states —6<Uo0<6 and |Uo01+1|2<(Ui1+1)(U00+6) and 
| —6) 
2 No surface states below the band of volume | Uoo> —6 and |Uo01+1|?<(U11+1)(U00+6) 
state energies 
3 Existence of a band of surface states below Uoo>—6 and |Uo1+1|?>(Ui11+1)(U00+6) 
the band of volume state energies. Num- 
ber of surface states is smaller than the 
number of surface cells. 
Existence of a band of surface states below Uoo< —6 
the band of volume state energies. or 


Number of surface states equals the num- 
ber of surface cells. 


Uoo> —6 and |Uo1+1|?>(Ui1+9-9)(U00+6) 


Below the band of volume state energies lies 
a band of energies due to the surface states 
and a band of energies due to the sub- 
surface states. In both cases the number of 
states equals the number of surface cells. 


uw 


If the energy of the surface state is near the 
energies of the volume states falling into the next 
allowed band, it is necessary, however, even when 
considering the Tamm states, to take into account 
the Wannier functions pertaining to the energies 
of this band, when expressing the wave function 
of the surface state. Surface states may be absent 
for an especially great deformation of the potential 
of the surface for the reason that the energy of the 
surface state penetrates into the adjoining allowed 
band of volume states. An exception is presented 
by the case where the volume wave functions of 
neighbouring bands belong to such various irre- 
ducible representations of the symmetry group of 
the crystals that an interaction between the wave 
functions of both bands sets in by the influence of 
the perturbation surface potential which, of course, 
exhibits the symmetry of the crystal surface. The 
penetration of such a surface state into a fully 
occupied band can result in a charging of the 
surface under consideration. °°) 

The hitherto mentioned methods neglect the 
interaction of the electrons even within the frame 
of the Hartree-Fock self-consistent method. How- 
ever, in the first paper on surface states, Tamm’) 


Uoo< —6 and |Uo1+1|2<(Ui1+9-9)(U00 +6) 


already pointed out the possible influence of the 
interaction of the electrons upon the occurrence 
of surface states. It is therefore natural to attempt 
to generalize the method of investigating surface 
states in such a way that the condition of self-con- 
sistency is satisfied. Concrete calculations can be 
carried out on the basis of a general theory ?® 
which, by analogy with the theory of electronic 
spectra of organic molecules, takes as eventually 
unoccupied states the solutions of the Hartree—- 
Fock equations pertaining to higher energies than 
the energies of occupied states. Such calculations, 
using simplifications common in the theory of 
organic compounds, are just being carried out. (26 

From these considerations it is obvious that the 
various generalizations relate, of course, only to 
those quantitative criteria (for the existence of 
surface states) whose character does not signifi- 
cantly change if the subsurface states are not con- 
sidered as a qualitatively new kind of surface state 
and if the possibility is not considered that a greater 
number of localized states may exist if the potential 
deformation extends deeper below the surface. 
Since the exchange integrals, Coulomb integrals 
and the integrals characterizing the perturbation 
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potential in the cells near the surface can evidently 
be magnitudes of the same order, these generaliza- 
tions show that we cannot undertake a general con- 
sideration of the existence or probable non- 
existence of Tamm states—e.g. based upon a dis- 
cussion of the relations, equation (5). 

Many more nuclear points are encountered in 
the theory of the second group of surface states, 
which are termed Shockley states.(6 12. 14, 15, 18) 
Only quite recently we have commenced to achieve 
clearer conceptions of the formation of these states, 
which occur only in the case of an interaction of 
the wave functions pertaining to two neighbouring 
bands of allowed energies of the electron in an in- 
finite crystal. This interaction must be rather 
strong, which is the case for interatomic distances 
at which the wave functions of the two bands 
would be degenerate were it possible to neglect the 
interaction. However, this degeneracy is removed 
by the interaction: the energy of the bonding 
states is decreased and that of the anti-bonding 
states increased. If we plot the allowed energies of 
the infinite crystal against the interatomic distance, 
the region in which these conditions are satisfied 
is characterized by smaller interatomic distances 
than would correspond to an intersection of the 
bands of allowed energies (Fig. 1).(6- 18) For small 
distances between the atoms of which the crystal 
is built up it is known that the energy levels per- 
taining to the atomic orbitals spread into bands, 
and the mentioned conditions indicate that this 


BAND A 


SURFACE STATES 
BAND: 


Fic. 1. Dependence of energies of a finite crystal model 
on the interatomic distance according to SHOCKLEY!!?) 
and LIpPMANN(!8), g means the symmetrical and u the 
antisymmetrical part of the wave function. 
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must be so considerable as to present the possi- 
bility of overlapping. The removal of the degen- 
eracy which thus could take place and the forma- 
tion of a new gap between the bands of volume 
energies depend, however, on the special proper- 
ties of the wave functions pertaining to both bands. 
But the question of necessary and sufficient con- 
ditions for the formation of the mentioned gap has 
hitherto not been investigated to a satisfactory 
degree. The most valuable studies in this respect 
are presented by the papers of SHocKLEY 2) and 
LippMANN.“!8) The second of these publications, 
however, deals only with a one-dimensional 
potential and shows that for such a potential over- 
lapping of the bands can occur only then when the 
energy of the electron exceeds the highest value 
of the potential in the elementary cell of the crystal. 
This result is comprehensible, because the wave 
functions for the one-dimesional potential are 
characterized by a quantum number describing 
the behaviour of the wave function to the ele- 
mentary translation and by a quantum number 
which is associated with the energy of the electron 
in one isolated elementary one-dimensional cell. 
No further quantum numbers exist in this case, 
and the individual band can be characterized by 
the latter quantum number. An overlapping of 
the bands can take place only then when the 
potential on the boundary of the individual ele- 
mentary cells decreases to such an extent, that the 
condition derived by LIpPMANN is satisfied. From 
this it follows, concerning the selection of the cal- 
culating method, that for a one-dimensional 
potential the method of nearly free electrons is 
suitable for the study of the surface states (it was 
the procedure by which Mauve‘) first obtained 
Shockley states) while the tight-binding method is 
not permissible. Intersection of the bands is, of 
course, a necessary but not at all a sufficient 
condition, which also follows from the calculations 
using a special shape of the potential, equation (14). 
It is obvious that here the symmetry properties of 
the wave functions of both bands play an important 
part. Also SHocKLEy!2) assumed that prior to 
intersection of the bands both the anti-symmetric 
part of the wave function for the bottom of the 
upper band and the symmetric part of the wave 
function for the top of the lower band have vanish- 
ing logarithmic derivatives at the edges of the 
elementary cell. 
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If the potential is three-dimensional, i.e. if we 
must consider at least the potential in one ele- 
mentary cell to be three-dimensional, regardless 
of whether these cells form a one-dimensional 
chain or a complete crystal, it is clear that the 
wave functions pertaining to different bands are 
characterized by further quantum numbers. The 
proximity of two bands, however, need not be 
caused by the circumstance that the potential on 
the boundary of two elementary cells would be 
lower than the energy of the considered electron. 
In this case it is possible to investigate Shockley 
states by means of the tight-binding method, as it 
was done by ARTMANN“5), The use of this method 
has besides its simple formulation a considerable 
advantage in its clearness, which enables us to find 
the connections between the concepts of the theory 
of surface states and the concepts employed in sur- 
face chemistry. ARTMANN 5) investigated the 
model of a crystal in which a hybridization between 
the functions of s and p character must be assumed. 
This means that the wave functions of the 
electron in the isolated atoms of which the crystal 
is built up are symmetric atomical orbitals 
around the nucleus of the atom, or they are anti- 
symmetric with respect to reflection in the plane 
parallel to the surface. If the energies pertaining 
to these atomic orbitals lie sufficiently near to one 
another and if the distance of these levels from the 
other energy levels is sufficiently great, it will be 
sufficient for the tight-binding approximation to 
consider only the hybridization between these 
atomic orbitals. Itis obvious that this model, despite 
its rather unrealistic simplicity, is well suited for 
studying the influence of the symmetry of the 
initial wave functions upon the existence of Shock- 
ley surface states. ARTMANN 15), however, made 
assumptions which, even for this simple model, 
did not permit him a more general selection of the 
parameters entering the theory, and this circum- 
stance has somewhat restricted the possibilities 
utilizing his work as a base for the interpretation 
of Shockley states. For this reason, a general 
method for the study of surface states was applied 
to ARTMANN’s model with a more general selection 
of the parameters. 

Since the energy of the Shockley state lies in a 
narrow gap between two neighbouring bands of 
the energies of volume states, it is clear that the 
deformation of the potential in the proximity of 


the surface must not be too great or else the energy 
of the surface state will penetrate into one of these 
bands.) For this reason, the characteristic feature 
of Shockley states, in distinction to Tamm states, 
is just the circumstance that they can be brought 
about by a mere restriction of the crystal without 
a further deformation of the potential inside the 
crystal, Consequently, the investigation of the 
general character of the Shockley surface states 
can be restricted to the case of zero deformation 
of the potential. The results of this study are given 
in an accompanying paper. 4) For this reason, we 
present here only the most essential results. 

If the values of the exchange integrals between 
the atomic orbitals are so great that intersection of 
the bands takes place, a considerable part of the 
volume state wave functions of the lower band are 
hybridized to such an extent that a high electron 
density is produced in those parts of the border 
cells which are farthest from the surface. This 
results in a maximum overlapping between neigh- 
bouring atoms which, according to the funda- 
mental conceptions of the theory of the chemical 
bond, causes the diminution of the energy of these 
States. 

In the states of the upper band, on the contrary, 
the hybridization causes a higher electron density 
in the outer parts of the surface cells. The wave 
functions of the surface states are then distin- 
guished by a hybridization which effects a higher 
electron density in the outer parts of the surface 
cells (Fig. 2, cf. Ref. 28). These states, in which 
the electrons are localized on the crystal surface, 
under ordinary conditions are not fully occupied. 
From this consideration it follows that in the case 
of hybridization between atomic orbitals with 


(a) 


Fic. 2. Definition of the elementary crystal cell for an 

arbitrary one-dimensional shape of potential: (a) for 

interatomic distance a > ao;(b) for a < ao. The definition 
of the quantity ao is given on Fig. 1. 
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different additional quantum numbers the Shock- 
ley states are a physical description of the bonding 
states in the surface of the crystal, which in the 
chemistry of surfaces are termed free valences, i.e. 
unsaturated valences of the surface atoms. Thus 
we arrive at a clear interpretation of the Shockley 
surface states. 

Statz“4) and LippMANN(8) pointed out the 
connections between the Tamm and the Shockley 
surface states in the case of a one-dimensional 
potential. The limitation of the elementary cell is 
obviously to a certain extent arbitrary. In the region 
of interatomic distances shorter than the distance 
at which intersection of the bonds of volume states 
arises we must delimit the elementary cell in such 
a way that at the surface only a half of the border 
elementary cell is left (cf. Fig. 2). For this reason, 
we can formally conceive the difference between 
these half-cells at the surface and the complete 
cells within the crystal as a deformation necessary 
for the occurrence of Tamm surface states. From 
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Fic. 3. Schematic representation of the hybridization of 
atomic s and pz orbitals for the surface Shockley states 
(cf. Ref. 28). 


this viewpoint it is evident, too, that in the case of 
Shockley surface states for a one-dimensional 
potential the number of states, whose energy falls 
into each of the volume bands between which the 
energy level of the Shockley state has been pro- 
duced, must necessarily be reduced by one.(12: 18) 
If the number of electrons at disposal for occupy- 
ing the energy levels equals the number of ele- 
mentary cells, the surface states are occupied only 
to one half. This result, obtained for a one- 
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dimensional potential, is probably not generally 
valid for a three-dimensional potential. According 
to Statz(14), the cellular method provides that for 
his model the Shockley surface states originate 
from the upper band only. In the model suggested 
by GoopwIn and ARTMANN the upper and lower 
bands have one state less than the member of 
elementary cells); Consequently, we may assume 
that one of the Shockley states originates from the 
upper and the other one from the lower band of 
energies (ARTMANN’s!5) statement that both of 
them originate from the upper band is erroneous). 

From these facts it follows that Shockley states, 
caused by the proximity of volume bands charac- 
terized by quantum numbers of different kinds, can 
behave in various ways. If the elementary cell 
contains more than one atom, the divergence of 
the volume state bands can be caused by the 
different chemical nature of these atoms, or also 
by the circumstance that they are situated in non- 
equivalent positions in the elementary cell. It 
seems that here, too, the bond conditions specific 
for the surface can produce changes in the hybridi- 
zation, which manifest themselves by the appear- 
ance of surface states whose creation requires no 
essential deformation of the potential of the sur- 
face. This opinion is supported by BALDOck’s in- 
vestigation”®) of the occurrence of surface states 
on more complicated two-dimensional crystal 
models. 

The free valences of the crystal surface are of 
fundamental significance for the explanation of 
the nature of surface reactions and chemisorption. 
For instance, in WOLKENSTEIN’s interpretation of 
chemisorption on semiconductors it is assumed 
that the function of free valences in the surface is 
performed by electrons lifted into the conduction 
band.@ The free valences created by special 
bond conditions in the surface, however, are not 
less important, as already pointed out in the litera- 
ture (cf. e.g. Ref. 30). For a quantitative descrip- 
tion of the qualitative concept of a free valence of 
this type expression in the terminology of the 
Shockley states may be advantageous. Here it will 
be adequate to point out the considerable formal 
similarity of the quantum-mechanical treatment 
of the problem of chemisorption and the problem 
of surface states, although we do not intend to deal 
in our report with the theory of chemisorption in 
any detail. (29 31-33) 
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From the given principal features of the present 
stage of the theory of surface states it is evident 
that we have already achieved some results which 
can be used as a basis for the development of 
fundamental conceptions of the character of the 
energy spectrum of a finite crystal and of the 
properties of the wave functions in the proximity 
of a crystal surface. It seems desirable, however, 
to treat still more complicated crystal models 
which would more closely approximate real 
crystals and especially crystals interesting from 
the practical viewpoint. The development of a 
general mathematical method, together with the 
possibilities offered by automatic computers, 
renders calculations of this kind feasible. In 
addition to this, it will be necessary to analyse 
more generally the connection between the occur- 
rence of the Shockley states and the symmetry 
properties of the involved Wannier functions for 
the infinite crystal. Another interesting question 
would be the investigation of different criteria for 
the occurrence of Shockley states which result from 
the hybridization of Wannier functions character- 
ized by quantum numbers of different kinds. We 
believe that work in both of these directions would 
materially contribute to the qualitative, and, per- 
haps, the quantitative interpretation of the 
physical and chemical processes taking place on 
the surface of semiconductors and metals. 
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CONTRIBUTION TO THE THEORY OF THE SHOCKLEY 
SURFACE STATES—I 


GENERAL FORMULATION AND THE CASE OF ZERO DEFORMATION OF THE 
POTENTIAL ON THE GOODWIN-ARTMANN MODEL 


J. KOUTECKY and M. TOMASEK 


Institute of Physical Chemistry, Czechoslovak Academy of Sciences, Prague 


Abstract—Within the framework of the tight-binding method, general equations have been set up 


for the calculation of orbital energies and wave functions of the electron in a crystal model in which 
an interaction between atomic s orbitals and p orbitals is assumed. Simple explicit expressions are 
derived for the case of zero deformation of the potential of the crystal surface. From a discussion of 
the hybridization of the wave functions of the volume and surface states the connection with the 


1. INTRODUCTION 
Goopwin\) and ARTMANN®) investigated a crystal 
model in which it must be assumed that the wave 
function of the surface state is, in the tight-binding 
method, expressible as a linear combination of the 
atomic orbitals of s and p character. They con- 
sidered only the pz orbitals, taking as z axis the 
coordinate axis perpendicular to the crystal surface 
under investigation. discussed only 
the existence of the Tamm states, ®) for he assumed 
that under conditions permitting the occurrence 
of Shockley states(4) the method of tight binding 
is not applicable. ARTMANN®) noticed the fact that 
in the case of a three-dimensional potential the 
proximity of two bands need not be due to the 
circumstance that the energy of the electron would 
be higher than the level of the potential barrier 
between the atoms of the crystal (cf. Ref. 5). 
However, he restricted his investigation to a very 
special selection of the Coulombic and exchange 
integrals characterizing the problem. A more 
general treatment of this model, which would per- 
mit a more thorough-going discussion of the con- 
ditions of the existence and character of the 
Shockley surface states and their association with 
the properties of the initial atomic orbitals, is the 
objective of the present communication. Since the 
inclusion of the pz and py orbitals would probably 
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concept of free valence localized in the crystal surface follows. 
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not lead to essentially new results from the view- 
point of a general discussion, they were for reasons 
of simplicity not taken into account, just as with 
the above-mentioned authors.“ 2) We also neg- 
lected the exchange integrals between the atomic 
s orbitals and pz orbitals for the atoms located in 
the same planes parallel to the surface, which due 
to symmetry, are smaller than the other exchange 
integrals. 


2. ASSUMPTIONS AS TO THE WAVE FUNCTIONS 
AND ORBITAL ENERGIES OF THE ELECTRONS 
IN AN INFINITE CRYSTAL 


Let us assume the wave function of the electron 
in an infinite cubic crystal in the form of the 
following linear function (pg, 6, t = elementary 
translations of the crystal, « = I, II): 


N-3/2 


l.m.n 


X [as(r—/p — mo — nt) +Azap(r —1p —mo—nt)]. (1) 
The functions as, ap are atomic orbitals, for which 
holds: 


(i) The overlap integrals of these are through- 
out equal to 0. 


(ii) If H is the Hamiltonian of the electron in an 
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infinite crystal and Himn the Hamiltonian that satis- For the coefficients 7 we finally obtain 
fies the characteristic equation (v = s, p): III» 4: 
Ac” = (sin +40 + (9) 


(Himn— E,)a,(r—lp—mo—nt) = 0 (2) By differentiating the expression (7) for the 
energy of the electrons in the infinite crystal we 
then, in compliance with our remarks in the intro- find that it exhibits its extreme values for 


duction to this paper, we put nt = % (10) 


| 


—I'p—m'o—n't)[H— Himn]as(t —lp —mo—nt) dv 


m'o—n't)[H — do 


| 
Onn + 141 + 8y,1-1) 8mm San’ pdu[(Sm,m+1 + + +8n-,n-1)], 


[as(r —I'p—m'o—n't)[H— dv = 


where 6;; is the Kronecker delta. 
By the usual variation method we obtain the following relations for the coefficients A?: 


X = —2cosé + 2ipar sin 
x a 4) | 
A:Y = —2wsin£+2A; cosé, 


where 


= yz! [E—E,—x5—2ys(cos n+ cos £)], 


Y= = [E—Ep—ap—2y,(cos n+ cos £)], v = 


E denoting the energy of the electron in an infinite eventually also for 


crystal. 
By elimination of the magnitude A? from these = — + 

equations we obtain the relation for the energy of 2(95 Ys¥p—Vsp 

the electron E in the form (11) 


(6) 


(X+2 cos£)(Y—2 cosé) = 4uv sin2é. 


The solution of this quadratic equation leads to 


= E—4(s+ np) 
= (Ap—ys) + 2[(g + go cos€)* = E'(é) + E'(E) (7) 


For the first case the energy values are given by 


where we have put ; 
P the relation 


(12) 


q = p— 7s), Go = Hyst+yp)- (8) + (yp—ys) + + gol 
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For the second case the energy values are 


1 
“sp 


The expression for the extreme values of the 
volume state energies given in the last equation has 
a sense for such values of g for which the right side 
of equation (11) has an absolute value less than 
unity and for which the square root in equation 
(13) is at the same time real. By a simple analysis 
of these conditions we find that the limits of the 
bands for g > go are given by the relations (11). 

For q < qoand ysyp > y” , the lower limit of the 
upper band is in the interval Ajg: 


<q <q- (14) 
Yp Ys 


defined by the relation (13) with the upper sign; 
the upper limit of the lower band is given by the 
relation (13) with the lower sign in the interval 
Azg: 2 9 
Ys: Y 
—go+ <q <qo- —. (15) 
Ys Yp 
If Goodwin’s condition ysyp = y3, holds, then 
Aig = Agg = 0. For ysp = 0, of course, the upper 
limit of the lower band coincides with the lower 


limit of the upper band. 


3. GENERAL FORMULATION OF THE PROBLEM 
OF THE SHOCKLEY SURFACE STATES 


Let us consider a finite crystal delimited by a 
plane perpendicular to the elementary translation 
p. The elementary cells lying directly under the 
surface formed in this way we denote by the index 
1 = 0. The perturbation potential V shall have the 
following properties: v,v’ = s, p: 


Dy — l’e) Vey le) dv 
= A yy (16) 


where the one-dimensional Wannier functions are 
defined as follows: 


1 
W,:y¢(—1p) = exp [i(nm-+ {n)|a, x 


mn 


x (r—lp—mo—nt). (17) 


The wave function we assume in the form 


P-1 


dye = > >. lp). (18) 


1=0 


P is the number of cells in the direction of the z- 
axis. In the text we henceforth omit the indices 


By specialization of the general equations from 
Refs. (6) and (7) we obtain the equations for the 
coefficients appearing in the linear equation (18): 


el) = > Avy 
(19) 


In these equations we have used the following 


symbols (NV 


1 


an 

7 § 

= az @ = 

8s 7? 


In calculating the magnitudes defined by the 
relations (20) and (21) we utilize the circumstance 
that we can write the following simple expressions: 


AX +AT = AL = 1, AL = 0, 


= Al —A™ sign (sin ) ———— 
ss“ 'ss pp gn (sin ¢) /(1+B?), 
—_— II_ al 

(23) 

Here we have introduced the magnitude 

+ S 
(24) 
Ysp sin € 
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by means of which we can simply express and 

= i [BF sign (sin B?)] 


E"(€) = sin élyspV/(1+B2). (25) 


Utilizing these relations, we obtain by a simple 
calculation: 


= 5,1), 
epp(!) = 2481,0+ 
€sp(l) = —eps(l) = ysp(8z,-1— 51,1), 


9 


= [ (OLW—2q—2yp cose ers 
ed 
dpp(!) = 2ys cosé]e dé, 
21Ysp 
dsp(l) = —dps(l) = sin dé. (26) 
| 


where 


—2 cos +2 cos 2€ x 
x (27) 
Introducing the notation 


w= W2—49?- +ysyp); 


x = wile”. (28) 


c=é€/€, 


we find by comparison with the equations (11) and 
(3) of Ref. (8) that the integrals at which we arrive 
in our present paper can be transformed into the 
integrals solved in publication (8). Therefore holds 


dss(k) = Les), 
dpp(k) = Lest), 


dsp(R) — — dsp(—k) 


= (29) 


J. KOUTECKY and M. TOMASEK 


where 
2n 
L 1 dé 
2a f(g) 
(%4—22)(1— 2123) 22-231 24-23 


(30) 


the magnitudes 2 satisfy equation (13) of Ref. (8). 
For this reason, we may in our further calculation 
also use the relations derived for these magnitudes 
in the mentioned paper. 

The condition for the solubility of the system of 
equations (19) reads as follows: 


bpp(0)A ps t+ 
1 
(31) 


4. CASE OF A ZERO SURFACE PERTURBATION 
POTENTIAL 


A characteristic property of the Shockley surface 
states is the possibility of the existence of these 
states at a zero perturbing potential. For this 
reason, we shall consider in this paragraph the case 
in which we can put 

Ass = App = Aps = 0. (32) 


The general relation (31), which defines the energy 
of the surface states, is then simplified to the form 

= 


By substituting the expressions (29) we obtain the 
following equation: 


(33) 


1+e'L) 2y;)Lo 
= €[(W2- 4q°)L* 
(34) 


Using the relation (24) from Ref. (8) we can 
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rearrange equation (34) to the form: 


2 
sp 
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€ 


2 
=<" 
€ 


+e'La)]. (35) 


A short calculation in which we set out from 
equation (13) of Ref. (8) leads to the final relation, 
expressed in terms of the magnitudes z: 


2 
2123 +2224 = —(1+2y2,). (36) 
€ 


By substitution of the definitions (15) and (16) 
into equation (36) we obtain 


2 
6+x+8 — sign (37) 
€ 


For definition of quantities y1, v2 cf. equation (16) 
of Ref. (8): 

We eliminate the root appearing in the preced- 
ing formula and after a small manipulation we 
obtain the expression for the energy of the Shock- 
ley surface state at zero perturbation potential 


(cf. Fig. 1): 
q(¥s— Yp) 
qo 


W (38) 


In order that the signs at the left and right sides 
of equation (37) be the same, the following in- 
equality must be satisfied: 

(39) 
which represents the condition for the existence 
of Shockley states at zero perturbation potential. 

For our further discussion it is important to 
determine the wave functions pertaining to the 
surface states. In the calculation of the co- 
efficients ez(1) we could set out from equation (19). 
However, the result is obtained more rapidly, if we 
substitute the calculated value of the energy of the 
Shockley surface state into original equations for 
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Fic. 1. Dependence of energy bands of volume states 

and of the energies of the Shockley states W on the 

quantity g. Cf. equations (12, 13, 38) and definition (8). 
= 2, Ys =Ysp = 1. 


the coefficients obtained by the usual variation 
method. We assume 


es(1) = es(0)(Bi + x2), 


ep(l) = (40) 


where fi, Bz are those roots of the equation 


Ys—Yp q 11971 /9 


(41) 


whose absolute values are less than unity. 
Equation (41) is an analogy of the relation (7) 

for the volume states. From equation (41) in 

which we denote 


Bit Be Bi—Be 
B B (42) 
we obtain by a simple manipulation 
q Ysp 
= +( BY". (43) 
90 YsYp 
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Therefore 


2 y 
+ (44) 
qo YsYp 
The equation for the coefficients, following from 
the variation procedure for the cells within the 
crystal, is (cf. equation 15): 
q ” q , 
qo 90 
Equation (41) is then just the condition for the 
solubility of the system (45). The conditions for 
the border cells read: 


244 +x) = +e), 


(45) 


22 +2) = (46) 


go 
Hence we simply calculate 
(47) 
Yp By 


so that we can write the expressions for the co- 
efficients in the form: 


= e,(0) =- (48) 
P1l—p2 Pp 


5. VOLUME STATES 

For our further considerations it is necessary to 
show which values of the energies pertaining to 
the volume states are permitted in the case of a 
finite crystal consisting of P elementary cells. For 
reasons of simplicity we restrict ourselves to the 
case characterized by Goopwin’s") condition 
YsY¥p = Yen The energies of the volume states for a 


ex(1) = [(dss(1+1) + 1) + 
| —[(dss(1+1) + 1) + 
| ep(l) = [(bps(l+1) 1) F 

| —[(bps(1+ 1) F bps(P—)))ysp+ 1) 


finite crystal lie within the band of the permissible 
energies of a cyclic crystal, to which we approxi- 
mate the infinite crystal. If the number of cells of 
the cyclic crystal is very large, the difference be- 
tween the energy of the electron in the finite 
crystal and the nearest energies of the electron in 
the cyclic crystal is very small. The general method 
of calculating the surface states can also be used 
for the calculation of the energies of the volume 
states, however, we must take the integrals, into 
which the summations pass at a large N, in the 
sense of an improper integral. The magnitudes ¢ 
can then be expressed by means of Zz, where (9) 


sin 
La 
2c’ sin 


(49) 


The angle ¢ is defined by the equation 


w 
2 cos 9 = — (50) 


€ 


The functions Ly for large values of k do not 
descend to zero, but exhibit a periodic dependence 
on this parameter. For this reason, it is not 
possible to consider only one of the borders of the 
finite crystal, but we must also take into account 
the other of the limits by which we have singled 
out the finite crystal from the corresponding in- 
finite crystal. The fundamental equations for the 
determination of the coefficients read (6-8): 


(51) 


The wave functions of the electron in a finite 
crystal can be divided into two groups: for sym- 
metric functions 


es(0) = es(P—1), ep(0) = —ep(P—1) (52a) 
and for antisymmetric functions 


es(0) = —e(P—1), ep(0) = ep(P—1). (52b) 
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The condition for the solubility of the system 
of equations for the coefficients es(0) and ep(0) then 
are: 


sin@+ésin Pd = 0 (53a) 
where we have introduced the magnitude 
€ = ys(W—2q)+yp(W+ 29). (54) 


The upper signs apply to symmetric states, the 
lower signs to antisymmetric states. 
For the ratio ep(0)/es(0) it follows that 


yo(W—2g) 
The condition for the validity* of 
e(—1) = eg(—1) = e(P) = = 0 (56) 
4ysypte’ (53b) 


The angle » must simultaneously satisfy the re- 
lations (53a) and (33b). 

By calculation for an arbitrary special case we 
find the correctness of SHOCKLEy’s statement that 
the number of states in both the upper and lower 
bands is decreased by one in the presence of 
Shockley surface states. We can therefore say 
that one of the Shockley states originates from the 
upper and the other one from the lower band of 
the allowed energies of the infinite crystal. 


(55) 


is 


6. CONCLUSIONS 

The condition for the existence of Shockley 
states, expressed by the inequality (39), is inde- 
pendent of the exchange integral ys», which 
characterizes the interaction of the s and p; orbitals, 
and shows that the Shockley states at zero defor- 
mation potential are encountered when the per- 
turbation of the levels of the energies pertaining 
to the s and p; states in the bands is so considerable 
that an intersection of the bands has taken place. 
The energy of the surface state, given by equation 
(38), is likewise independent of ysp. It is evident 


* Cf. equation (15b) of Ref. 7. 
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that the lower limit of the upper band and the 
upper limit of the lower band tend to just this 
energy value, lying in the gap between the volume 
state bands, when the parameter ys) approaches 
zero. The degree of localization of the wave 
function of the surface state depends, of course, 
essentially just on the width of the gap between 
the bands. 

The hybridization in the surface state causes the 
hybridized atomic orbital for an atom on the sur- 
face to have a cloud of high electron density pro- 
jecting out of the crystal. On the other hand, the 
hybridized orbitals of the surface atoms (/ = 0) of 
the lower occupied band have a decreased electron 
density at the crystal surface and an increased 
density in places where an overlap can occur with 
the electron cloud of an atom in the second layer 
(/ = 1) from the surface. 

The wave functions of the surface states of the 
lower band, in terms of the band theory, charac- 
terize the states of the electrons produced by a 
bond between the atoms, while the surface states 
of the Shockley type in our model characterize the 
unsaturated valences of the surface atoms pro- 
jecting out of the crystal. It seems that in general 
the Shockley surface states are associated with the 
special bond conditions of the crystal surface and 
equivalent to the chemical concept of a free valence 
of the surface. 
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INFLUENCE OF TRAPPING, DIFFUSION AND 


RECOMBINATION ON CARRIER CONCENTRATION 


FLUCTUATIONS 


M. LAX and P. MENGERT* 


Bell Telephone Laboratories, Inc., Murray Hill, New Jersey 


Abstract—Carrier concentration fluctuations are found to be relatively large in regions of low con- 


centration. Diffusion is shown to add a (1/#)?’/? boundary term (important at high frequencies) to the 
usual volume recombination spectrum. This result is found to be valid independent of the geometry 
or the number of dimensions. But for the case of surface recombination it is multiplied by a fre- 
quency dependent probability that an electron having left the region will not return. Traps of large 
cross section are characterized by a fast trapping rate and an exceedingly slow effective recombination 
rate caused by multiple trapping. The fast rate is unaffected by diffusion. The slow rate is shown by a 
method of low mode isolation to be approximately describable in terms of an effective diffusion 
constant reduced in about the same ratio as the recombination. The resulting (1/w)?/? spectrum is 


1. INTRODUCTION AND SUMMARY 
ALTHOUGH this paper has been prepared for pre- 
sentation at the Second Conference on Semicon- 
ductor Surfaces, it may enjoy the distinction of 
being the only paper that is not, strictly speaking, 
about surface properties per se. Itis being presented 
here because surface physics people are interested 
in noise, which is known to originate largely near 
the surface, and because the general methods 
developed here can be applied to surface problems, 
as well as to the bulk. 

The most challenging problem is, of course, the 
1/f noise problem.“ Experimental evidence exists 
which favors a surface origin for this noise.) 
There also is more or less general agreement that 
1 f noise is associated with carrier concentration 
fluctuations.) Usually concentration fluctuations 
will be most significant if the conductivity is con- 
trolled by the number of carriers in some small 
region, since then, the percentage fluctuations will 
be greatest. Space-charge regions near the surface 
may provide such small regions, particularly if an 
inversion layer is present, since the required in- 
trinsic region will contain a small number of 
carriers. (4) 


* Now at Physics Department, Brandeis University, 
Waltham, Mass. 


thus shifted to a low frequency region and increased enormously in strength. 
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Among the factors which may contribute to 1/f 
noise are trapping, drift, diffusion, recombination 
and fluctuations in space charge, surface potential, 
barrier heights, and tunneling. One of the difficul- 
ties of explaining 1/f noise over a wide frequency 
range is that it requires a broad distribution of re- 
laxation times, extending down to very low fre- 
quencies) (as low as 10~4 c's). Models have in fact 
been proposed ®) which yield 1/f noise by introduc- 
ing in a more or less ad hoc way, the appropriate 
distribution of relaxation times, A satisfactory ex- 
planation requires, however, that one show why 
such a distribution of relaxation times is a natural 
consequence of more elementary properties of the 
system. 

Although they do not in themselves lead to 1/f 
noise, this paper will consider in detail voltage 
fluctuations induced by carrier concentration 
fluctuations in a homogeneous bulk semiconductor 
as modified by diffusion and trapping—specifically 
multiple trapping of the type observed by HorN- 
BECK and Haynes‘) the former because it auto- 
matically converts individual relaxation times into 
a distribution of relaxation times; the latter be- 
cause it can lead to extremely long relaxation times, 
e.g. 106 sec if the concentration of traps is 10!16/em? 
(which could easily occur in a surface region). 
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Specifically we propose to show that: 


(1) An intrinsic region can lead to large fluctua- 
tions in carrier concentration. 


(2) Diffusion will modify the volume recombina- 
tion noise by adding a boundary term with 
(1/w)3/2 spectrum at high frequencies re- 
gardless of geometry or number of dimen- 
sions. 

(3) Deep traps with a trapping rate v, large 
compared to the recombination rate 7, and a 
long ‘“‘sitting time” 1/g’ lead to multiple 
trapping (v/r times) and an effective lifetime 
(v/r)(1/g’) which in the HoRNBECK-HAYNES 
experiments?) was several hundred seconds 
long. See Table 1 for numerical values. 


(4) The total noise associated with traps and 
transport (diffusion and drift) can be written 
as a volume term associated with fluctuations 
in the total number of carriers plus a term 
associated with transport of carriers across 
the boundary. 


(5) The fast rate Ap ~ v at which electrons dis- 
appear from the conduction band is essenti- 
ally unmodified by transport. Hence the 
total noise is the usual volume term plus the 
transport modification of the slow modes 
(which at infinite wavelength have the slow 
decay rate As ~ rg’/v associated with multiple 
trapping). 

(6) When the density of free electrons n is small 
compared to the capture concentration®), 
fi’ = = number of trapped 
electrons x fraction of empty traps, the 
noise comes predominantly from the slow 
modes and these yield conductivity fluctua- 
tions associated primarily with fluctuations 
in the trapped carrier density. 


(7) Although a precise method for dealing with 
the coupled transport of free and bound 
carriers is developed (Appendix E) one can 
with phenomenal accuracy use a method of 
low mode isolation: the free carriers because 
of their fast decay rate are assumed to adjust 
to the instantaneous concentration of trapped 
carriers, i.e. the trapped carrier density alone 
is to a good approximation a Markofhan 
variable. 
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Volume effects 
Because of charge neutrality in the form 
AP = AN+AN concentration fluctuations lead 
to conductivity fluctuations, and hence to voltage 
fluctuations of the form) (see equation (2.9)): 


AV = (1.1) 


where N, N and Pare the total number of free elec- 
trons, bound electrons and holes, respectively, and 
b is the electron/hole mobility ratio. The inte- 
grated noise is then (see equation (2.20)) given by 


| af = (Avy 
0 
= (1.2) 
where f = w/2z and 
N’ = (1.3) 


is the total number of bound electrons times the 
fraction of empty traps. This result, equation 
(1.2), is clearly largest in magnitude in the intrinsic 
region N ~ P. For N < N’ the noise comes prim- 
arily from the trapped carriers, see above remark 
(6). 
The volume noise associated with AN and AN 
can be computed exactly (equation (2.22)) and de- 
composed into a slow and fast contribution with 
the approximate result (compare with equation 
(2.29)): 


GV, f) 


(P+.Nb)? 
(1.4) 

where the fast and slow eigenvalues associated 


with trapping and release of carriers are given, 
more accurately than before as 


Ap As (1.5) 


Diffusion plus recombination, no traps 
Our results on diffusion and recombination 
without trapping can be written, using equation 
(1.1) with AN = 0 in the form: 
G(V, f) = (AN)? 
(1.6) 
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where ¢(AN)?> = NP (N+P) according to equa- 
tion (B12) and 


g(w) = Re | exp(—iwt)®(t)dt (1.7) 
0 
and 
= <AN(t)AN(O)>/(AN)2> (1.8) 
- La | dr [ dr’ K(r, r’, t) (1.9) 


Q Q 


with Q the one-, two- or three-dimensional domain 
containing the carriers and K(r, r’, t) represents the 
Green’s function of the transport equation, i.e. the 
probability that an electron will be found at r at 
time ¢ if it was known to be at r’ at time 0. Thus 
@(t) represents the probability that an electron 
initially in Q with uniform probability dr’/Q will 
still be in Q at time ¢, i.e. M(t) is the photoconduc- 
tive decay function after an initial uniform excita- 
tion. It is also referred to as the Smoluchowski 
after-effect function, 


Boundary effects 
The effect of the recombination rate r on 
= V(r, t) is simply 


t) = exp(—rt)(0, 2) (1.10) 


so that g(w) is a function of (r+iw) whose pro- 
perties depend on diffusion (and drift) across the 
boundary. The asymptotic properties of g(w) for 
large w depend®@) on @(t) for small t. Since the 
diffusive motion for small ¢ is of order (Dt)!/2 
where D is the diffusion constant, we conjecture 
that the particles within a distance (Df)!/2 of the 
surface escape. (See Fig. 1.) The fraction escaping 
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Fic. 1. Diffusion at the boundary. In time ¢ particles in 
the diffusion region (Dt)? x (surface area S) strike the 
surface. The fraction of the total number of particles in 
volume Q which escape is then (Dt)!/2(.S/Q)Q where Q 
is the probability that a particle which strikes the surface 
does not return. 
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in small time ¢ is then proportional to (Dt)!/2S/Q 
and we can write 


(0, t) (1.11) 


where Q is an as yet undetermined parameter of 
order of magnitude unity, S is the generalized sur- 
face and Q the generalized volume. For example 
for a sphere 


= 47R?2/(47R3/3) = 3/R (1.12) 
For a rectangle 
S/Q = (1.13) 
for a circle 
S/Q = 27R/7R2 = 2/R (1.14) 
for a line of length Z in one dimension 
S/Q = 2/L (1.15) 


because there are two boundary points. 


Universal inverse three-halves power law 
In summary we expect that at all frequencies 


= Re(y+iw)1+Ag(w) (1.16) 


when the first term is the volume term and the 
second term is the boundary term. At high fre- 
quencies (1.11) implies that the boundary term is: 


Ag(w) (1.17) 


or, at high frequencies, when Q is real we expect 
an inverse three-halves power law: 


Ag(w) 


Our more detailed investigation of the above 
mentioned one-, two- and three-dimensional ex- 
amples suggests that the as yet undetermined para- 
meter Q can be interpreted as the probability that 
an electron having reached the boundary will not 
return. For a “‘fictitious”’ surface drawn in an other- 
wise homogeneous medium, we find, regardless of 
the number of dimensions or shape 


Q=} (1.19) 


If the outside region has recombination con- 
stant r’, and diffusion constant D’, then we find by 
using a one-dimensional example that 


(1.18) 
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where 
= y’ = [(r’ +iw)/D’}/2 (1.21) 


In the same way we find that for surface recom- 
bination with velocity s, the boundary condition 
atx=L 

—D grad n = sn (1.22) 


Q = (s/yD)/[1+(s/yD)] (1.23) 
which is close to unity for large surface recombina- 
tion, except as w —> oo where Q varies as w~!/2, 
Also, if we terminate with the “characteristic im- 
pedance” s = yD, QO reduces to its value, 4, for the 
infinite case. 


leads to 


Boundary interference effects 

Equation (1.17) turns out to be exactly correct 
in one-dimension if we include in Q interference 
effects between the two boundaries. For a line of 
length ZL = 2B, with drift neglected, we find in 
Sections 3 and 4 that “‘fictitious”’ surfaces lead to 


Q = 3[1— exp(—2yB)] (1.24) 
whereas the correct result with surface recombina- 
tion atx = +Bis shown in Section 4 to be 


Q = (s/yD)/[1+(s/yD) coth(yB)] (1.25) 
in agreement with results obtained by CHaAmp- 
LIN(@2) using a Langevin approach involving some 
ad hoc but evidently sound assumptions* about 
the noise sources based on a transmission line 
analogy. Boundary interference effects can be 
made to disappear by letting B-— o, in fact, 
equations (1.19) and (1.23) were deduced in this 
way from the computed results, equations (1.24) 
and (1.25), Our interpretation was also checked by 
solving exactly an example in which the surface 
recombination velocity had different values at the 
two ends of the specimen, see equation (4.20), and 
by considering a semi-infinite example. 


Trapping, recombination and diffusion 

For “‘fictitious” surfaces, the above results were 
computed making use of the fact that a plane wave 
exp(ikx) decays as exp[—A(k)¢] with 


= r+ (1.26) 


* CHAMPLIN, however, states emphatically that cor- 
relations in density fluctuations at one time must occur 
over distances of the order of a diffusion length in con- 
tradiction to our equations (3.5) and (C1). 
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When traps are present, our technique of low mode 
isolation leads to the slow decay of a plane wave of 
trapped carriers with 


As(R) (g’r + Dk?) (1.27) 


where 
va = g'+vn|(n+p) 


(drift is omitted here, but discussed in Section 5), 
so that As(0) = As is the effective volume decay 
rate, in agreement with equation (1.5). For w < v4, 
we can set k = 0 in the denominator, obtaining 
effective recombination and diffusion constants: 


Yen = As 7[g'/(v+7)] (1.28) 
Den = D[va/(v+7)] (1.29) 


and the results of our previous discussion of re- 
combination plus diffusion (without trapping) 
apply with these effective constants, which are 
about 10-7 times the usual constants. The (1/w)?/2 
behavior is indeed much more readily observable 
with trapping than without. Using equation (1.18) 
with SQ/Q = 1/L, and r/w? for the volume noise, 
we find that the diffusion contribution exceeds the 
volume contribution at frequencies greater than 


w = 2L2/D = 2r(L| La)? —(1.30) 


where fq = (D/r)!2, the diffusion length, is usually 
small compared to L. At this high frequency, the 
noise is only 

Ag = D?/(4r°L4) 
and may be difficult to observe in the presence of 
thermal or other sources of noise. If, however, be- 
cause of trapping, one inserts effective diffusion 
and recombination constants 10? times smaller, 
this noise is increased by a factor 10? and can prob- 
ably be observed. 

A more careful analysis of equation (1.27), with- 
out using the approximation k = 0 in the deno- 
minator yields the correct diffusion modification 
of the slow modes. The total volume noise is given 


by equation (1.4) with As/ (w2+A2) replaced by 


As 1 D 
x 
g(w) Al 


va—Ag 
x Re 
[(va iw)(Ags iw)? /2 


which reduces to our previous result (1.17) with 


(1.31) 


(1.32) 
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Fic. 2. The voltage noise spectrum at frequency f in the 
presence of diffusion and trapping is written in the form 
f) = 
and g(w) is plotted against w = 2zf. Here V is the 
applied voltage, P the number of holes, N the number 
of electrons, 6 the electron-hole mobility ratio and N’ is 
the number of trapped electrons times the fraction of 
empty traps. 


effective constants when w < v4(andAs <va) but 
reduces to an inverse square law 


Ag (1.33) 
for w > v4. (See Fig. 2.) This diffusion modifica- 
tion of the slow modes will dominate the fast mode 
contribution (second term of equation (1.4)) up to 


w = 108/sec (1.34) 


using the values in Table 1. This behavior is shown 
in Fig. 3, where one can also see the beginning of 
the level off associated with the contribution of the 
fast modes for w < Ap  v. 

We did not expect that our treatment of diffu- 
sion, drift and multiple trapping would explain 1/f 
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Fic. 3. The voltage noise spectrum as in Fig. 2 plotted 

over a wider frequency range. The contribution of the 

fast trapping rate begins to be significant near w = 108 
where a level off starts. 


noise. Additional mechanisms that should be con- 
sidered include: 


(1) The fact that a surface region is not homo- 
geneous and possesses space charge which 
fluctuates. 


(2) Traps, recombination centers, donors and 
acceptors are not uniformly distributed ex- 
cept on the average, and fluctuations can be 
introduced in the time of travel between 
centers. 

(3) Tunneling between localized centers will 
fluctuate widely with the separation between 
nearest neighbors, 


(4) Fluctuations may occur in tunneling through 
barriers that might exist between the surface 
region and the bulk. ‘® 

We should emphasize, however, that if the con- 

centration of traps in the surface region is much 
larger than in the bulk, as is reasonable, the 
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Table 1. Typical numerical values of parameters in HORNBECK—-HAYNES“) multiple trapping experiments 


Experimental Constants 
Trapping rate 
Recombination rate | 


v~3xX107/sec. 
r~3x104/sec. 

g’ ~3/sec. 

p~10"4 holes/cm? 

n~ 10? electrons/cm? 

n’~ 1013 electrons/cm? 

Dn ~30 cm?/V sec. 

= pn/up~1200/500 = 2-4 
L = 0-1 cm (our choice) 


Effective release rate 

Majority carrier density 

Minority carrier density* 

Capture concentration? | 
Electron diffusivity 
Mobility ratio | 
Distance between electrodes 


Derived Constants 
Slow decay rate 

Effective trapped carrier diffusivity 
Lower limit of 3/2 power law 
Upper limit, 3/2 power law | 
Frequency at which fast modes start to contribute 


As rg’ |v ~3 x 10-?/sec. 
Dette = Dva/(v +r) X 10-8 cm2/sec. 
2A3L?/Derr 3 X 10-2/sec. 

v4 = g’+vn|(n+p) 6/sec. 
[(Dv)1/2v 4n’ 108/sec. 


* This value, and all values of minority carrier density stated by HoRNBECK and Haynes') should be reduced by 
more than a factor 10 since the mp product for silicon is now known to be about 0°6 x 102° at room temperature based 
on improved knowledge of the density of states'1%) and on the more accurate value 1-117 eV of the energy gap(!4) 
which is 0-077 eV larger than the value used by HORNBECK and HAYNES. 

+ Capture concentration = (trap concentration X fraction empty) X fraction full. Only the number of empty traps 
was measured but we assume here that the capture concentration did not differ significantly from this. See however 


footnote § on p. 577 of Ref. 8. 


multiple trapping ratio v/r could be greatly in- 
creased over the value used in this paper and it 
would be easy to get noise which increases down to 
10-6 or 10-7 cs. 


2. VOLUME EFFECTS: FLUCTUATIONS IN TOTAL 
NUMBERS OF FREE AND BOUND CARRIERS 
Assuming the voltage fluctuation AV(t) is a 

stationary random variable, the (squared) voltage 

noise spectrum can, by the Wiener—Khintchin 


theorem be written in the form‘) 
G(V, f) = 4Re | exp(—iwt) (AV(t)AV(0)) dt 
(2.1) 


(cf. Ref. 1, equation 2.6 ff.). If AV can be expressed 
AV = > (2.2) 


as a linear combination of variables «-, which con- 
stitute a Markoffian set a obeying the phenomeno- 
logical equation 


=0 (2.3) 


with the decay matrix A, then 


G(V,f) = 2Re (2.4) 
where 
Gi=2 | exp(— it) dt 
0 
(2.5) 


or 
G(V, f) = 4Re > Ciw+ <ajas>Cs (2.6) 


where summation over repeated indices is under- 
stood and w is written briefly for w times the unit 
matrix (cf. Ref. 9, equation (3.13)). 

In the absence of drift, diffusion or surface re- 
combination, the total number of free and bound 
carriers predict their own future, and we can choose 
as our Markoffian set 


a4 =AN o=AN (2.7) 


(whereas if any of these effects are present, one must 
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use the doubly infinite set of variables An(x) and 
An(x) since the future even of the total number of 
particles then depends on their present spatial dis- 
tribution). The hole density does not fluctuate in- 
dependently because of the space-charge neutrality 
condition 


AP = AN+AN (2.8) 


which can be expected to be satisfied at frequencies 
small compared to the dielectric relaxation time. 
See, however, Appendix C. 

For geometries such that one can set up a uni- 
form d.c. current J, the voltage fluctuation AV in- 
duced by a resistance fluctuation AR at constant [ 
obeys 


AV AR APupt+ANun 
Pup+Noun 


V R 
Inserting charge neutrality, equation (2.8), we re- 
trieve our starting expression (1.1) for AV in 
terms of AN and AN with the respective coeffi- 
cients 


Cy = (14+-5)Co; 


where P and N are the steady-state number of 
holes and electrons and b = jn/p is the mobility 
ratio. 

The decay matrix A must be found by writing 
down the phenomenological equations (cf. Ap- 
pendix A) and linearizing them about the steady- 


State: 
d<N>/dt = <G—R+gN-—(N—N)NC/Q> 
d<N)|dt = <(N—N)NC/Q—gN)> (2.11) 


where R is the rate of recombination of electrons 
with holes, G is the thermal (and possibly also 
optical) rate of generation of electron-hole pairs, g 
is the rate of generation out of the traps, C/Q is the 
rate of capture per empty trap, for one electron in 
the volume Q and N is the total number of traps. 
In equation (2.11) alone, N and N represent the 
instantaneous number of free and bound electrons 
respectively. But we shall immediately linearize 
N—>N+AN, N > N+AN and keep N, N for the 


steady-state values. The linearized equations take 


the form: 


d /<AN)) <AN) 
(2.12) 
dt\<AN), <AN), 


(2.9) 


C2 = V/(P+Nb) (2.10) 
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where 


~ (2.13) 


and the steady-state values chosen to make the 
right-hand side of equation (2.11) vanish obey: 


gN = C(N—N)N/Q 
R=G (2.14) 
In extrinsic p-type material, the effect of Shockley— 


Read—Hall recombination centers can be represen- 
ted away from the steady-state as 


R-G = rAN (2.15) 


where r is the recombination rate. (In equation 
(2.15) a small term proportional to AP has been 
neglected, but could easily have been retained.) 
The capture rate v is defined by 


v= C(N—N)/Q = C(m—f) (2.16) 


where n; and # are the trap density and steady-state 
density of trapped electrons. (C represents a cap- 
ture cross section times an electron velocity.) The 
effective release rate g’ is defined by 


g = gt+ CN/Q = gt+ Cn. (2.17) 


(Hornbeck and Haynes”) arrived at the linear- 
ized equations (2.13) without obtaining the re- 
placement of g by g’. Their quoted measured 
values of g are in reality measurements of g’, but 
the correction is usually negligible, see Table 1.) 

To evaluate the noise via equation (2.6), we 
need the reciprocal matrix element 


1 /g' +t, g 
(iw + A)-1 = ) (2.18) 
M\ », v+r+iw 


where 
M = det(iw+ A) = rg’ 
(2.19) 


and we need the fluctuation moments at a given 
time. Jf we could assume that the free and bound 
carriers are separately in thermal equilibrium with 
reservoirs (possibly at different chemical potentials) 
then we could write 


<(AN)2) = N 
<((AN)?> = N[I-(N/M)] =N’ (2.20) 
<ANAN) = 0 


| 
: VC 
4 
: 
; 
4 
: 
; 


in view of Ref. (9), equations (4.25), (4.27) or— 
for the nonequilibrium steady-state—(12.28). Since 
trapped electrons interact only with the free elec- 
trons and not with a separate reservoir, equations 
(2.20) are not obviously valid. We justify them by 
a kinetic derivation in Appendix A, whereas in 
Appendix B, a more “thermodynamic’’ argument 
with explicit consideration of the holes indicates 
that equation (2.20) is valid when P> N, 
P > N’, i.e. when enough holes are present to act 
as a suitable reservoir. 

By inserting equations (2.10), (2.18) and (2.20) 
into equation (2.6) the noise is given by: 


GV, f) = 4CZRe{(iw + + 
+(1+6)[(iw+ A) + (iw + 


+(1+6)%(iw+A)1N} 
= +(1+5)(N’g' + Nv)+ 
+(1+b)2M(g’ +iw)]/M} (2.21) 
or 
G(V,f) = 
(P+ Nb)? (rg'— 
(2.22) 
where 
fo = rg'(vt+r)N’ +(1+b)rg'(¢'N’ +vN)+ 
+(1+6)2r(g’)2N (2.23) 


fo = (B+ (22.4) 


The accuracy of our work may be verified by com- 
paring the integrated noise with equation (1.2). 
This integration, and an understanding of the 
nature of the system can best be obtained by mak- 
ing a partial fraction expansion of equation (2.22) 
in the form: 


4V2 ApAr 


As = 


2.26 
Ap = 


where As and Ap are the roots of the denominator MW 
corresponding to the slow and fast eigenvalues of A. 
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The trace and determinant of A yield the relations 


(2.27) 


As = 


Since we assume As < Ag, let us iterate, starting 
with As = 0. The first approximation 


Ap v+r4+g' 


(2.28) 
As 


for values appropriate to a typical Hornbeck— 
Haynes sample (see Table 1) yields Ap» v & 
3 x 10’, As ~ rg’/v ~ 3x 10-3 so that our relative 
error is As/Ap ~ 10-10! In view of the enormous 
disparity of frequencies equation (2.26) can be 
adequately approximated by 


As N'+(1+b)N 
Ap (b2-+8)N 


without disturbing the integrated noise. The part 
of the noise associated with fluctuations in hole 
conductivity alone, can be obtained by setting 
b = 0. However, hole fluctuations are generated 
by fluctuations in the number of free as well as 
bound electrons, The influence of the latter alone 
can be obtained by setting ’= —1 leaving 
As ~ N’, Ar + 0. Since in the Hornbeck—-Haynes 
case N < N’, we see that the predominant con- 
tribution to the noise comes from hole fluctuations 
required to neutralize the (slow) fluctuations of 
trapped electrons. The slow mode of decay is, to 
excellent approximation (error g’/v) just the decay 
of trapped electrons, whereas the fast mode with 
the same accuracy corresponds to the decay of free 
electrons and produces noise proportional to the 
free electron fluctuations. 

The low frequency contribution to equation 
(2.25) or (1.4) can now be seen to dominate the 
high frequency contribution up to the fairly high 
dividing frequency 


wa (rg'N’/N)12 3x 105/sec (2.30) 


(In the presence of diffusion, the dividing frequency 
is even higher, see equation (5.35) and Fig. 3.) At 
this high frequency, the noise is enormously re- 
duced and probably unobservable because of other 
sources of noise. It would be convenient, especially 
in more complicated problems (e.g. involving dif- 
fusion), to be able to calculate the slow mode 


(2.29) 
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contribution directly. This elimination of the fast 
modes can be accomplished by an adiabatic ap- 
proximation which states that the fast variable(s) 
(the free electron concentration) adjusts to the in- 
stantaneous value of the slow variable (the trapped 
electron concentration) as if the latter were fixed. 
Thus we set d( AN )/dt = 0 in equation (2.12) and 
obtain 


(AN) = [g'/(v+r)] <AN) (2.31) 
The second equation of (2.12) then yields 
d<AN)/dt —As<AN) (2.32) 
with 
As © g'r/(v+7) (2.33) 


which agrees, within one part in 107 with the more 
precise answer, equation (2.28). The resulting noise 


4V2 Ns 


2.34 
(P+ Nb)? w2+22 


G(V,f) 


is identical to the first term of equation (1.4) and 
in good agreement with equation (2.29) when 
N <« N’. Since the NP product is fixed, this noise 
can be maximized if P = Nb, i.e. in the intrinsic 
region. This conclusion agrees with MacRar’s(?) 
experimental finding: 1/f noise is strong when an 
inversion layer (and hence an intrinsic region) is 
present near the surface. 


3. DIFFUSION AND RECOMBINATION WITHOUT 
TRAPPING: A UNIVERSAL INVERSE THREE- 
HALVES POWER LAW AT HIGH FREQUENCIES 

In the absence of trapping AN = 0 and the noise 
is described by equations (1.6)-(1.8). Since ®(0) = 
1, the spectral distribution g(w) is normalized to 


[ df = 


. 


0 


(3.1) 


For volume recombination the after-effect func- 
tion (ft) is a simple exponential exp(—rt). In the 
presence of drift and/or diffusion AN is no longer 
a Markoffian variable but can be expressed in 
terms of the density which is: 


AN(t) = | An(r, t) dr (3.2) 
Q 


AN(QAN(O)> = | drdr’ <An(r, t)An(r’, 0)> 
QQ (3.3) 
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The average value of An(r, t) subject to know- 
ledge of An(r’’,0) at time 0 can be computed 
from the phenomenological equations via the 
Green’s function K: 


<An(r, = | K(r, t) dr’An(r’, 0) (3.4) 


Under the assumption of charge neutrality, 
fluctuations in added carrier concentration occur 
without a change in Coulomb energy. Such 
fluctuations can then be described in terms of 
equivalent one body transitions and the methods 
of Section 12 of Ref. 9 lead to 


<An(r’, O)An(r’’, 0) = [<(AN)2>/Q]8(r’ 
(3.5) 


(3.6) 


where 


((AN)?) = NP|(N+P) 


as in Ref. 9, equations (11.11) and (11.17). See 
also equation (B12), this paper. We may anticipate 
that even without invoking charge neutrality a 
careful analysis of correlations in space-charge 
fluctuations will justify these equations providing 
all dimensions are large compared to a Debye 
length (see Appendix C). Equations (3.3), (3.4) and 
(3.5) can be combined to justify equation (1.9): 


<AN(t)AN(0)> 


P(t) 
1 

= drdr’K(r,1',t) (3.7) 
Q | 


Let us consider first the case in which the volume 
Q is part of an infinite homogeneous domain. The 
Hill-van Vliet experiment) in which the noise 
probes are close together at x = 0 and L but far 
from the ends of the crystal approximates this 
“fictitious surface’’ condition. For such an effec- 
tively infinite crystal, it is convenient via 


An(r, t) = (2n)-n/2 | exp(ik r)An(k, t) dk (3.8) 


to introduce the Fourier components An(k, t) be- 
cause the latter will decay independently: 


<An(k, t)> = exp[—A(k)t]An(k, 0) (3.9) 


If equation (3.9) is inserted into equation (3.8) 
we arrive at an equation of the form (3.4) and can 


ag 
x 
: 
ge 
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deduce that 


K(r, 1 | dk explik (r—r’)—A(k)t] 
(3.10) 


where n = 1, 2 or 3 is the dimensionality of the 
region 

We may combine equations (1.7), (3.7) and 
(3.10) to obtain for the noise spectrum 


g(w) = 


2 
‘r)dr 


(3.11) 


Let us first consider the one-dimensional domain 
0<x<lL, then in terms of the new variable 
zx = kL/2 equation (3.11) can be written: 


(w) = R sin z\2 1 
w) = Re- ——_—— 
7 iw +A(z) 


where A(z) is simply A(R) rewritten in terms of 2. 
The phenomenological equation for the case of 
drift, diffusion and recombination has the form: 


(e/ét+ A)An(x, t) = 0 (3.13) 


(3.12) 


with 


A = r+vé/éx— De?/éx? (3.14) 


where r is the recombination rate; v and D are the 
ambipolar drift velocity and diffusion coefficient 
respectively. Thus as expected for this “‘infinite”’ 
case, the eigenfunctions of the decay operator A 
are plane waves: 


A exp(tkx) = A(R) exp(ikx) (3.15) 

where 
\(k) = r+ivk+ DR? (3.16) 
Nz) = (3.17) 


The integral equation (3.12) has a contribution 
from the vicinity of z = 0 of r/(w?+r?), precisely 
the result if Z = 0, or if diffusion and drift did 
not occur. In addition, however, there is a contri- 
bution, which for large w, extends over a large 
range of z. We can estimate this contribution by 
setting A(z) ~ 4(D/L?)z? and sin?z ~ 4, with the 
result 


Ag(u) Re (3.18) 
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(3.19) 
in agreement with equation (1.18) since OS/Q = 
1/L, The term in (1/w)3/2 will dominate the term in 
(1/w)? when 

w > = 27r(L/La)? (3.20) 

Since the diffusion length #g = (D/r)!/2 is usually 
appreciably smaller than the electrode spacing L 
the above cross-over frequency can be so high that 
the boundary diffusion noise is masked by thermal 
(Nyquist) noise. The ratio of diffusion to thermal 
noise at this dividing frequency is 


G(V, 
G(V, f)therm 
\2/ D \§(1+b) Dp 
b P+Nb D 
(3.21) 


where Dy is the hole diffusion constant. The in- 
verse three-halves power noise can then best be 
observed by working with near intrinsic material, 
and a maximum ratio of Zq/L. 

Our approximate evaluation (3.18) of the inte- 
gral, equation (3.12), can be verified by evaluating 
the integral 


1 
| 2? 
in the complex plane. (See Appendix D.) This 
integral includes equation (3.12) as a special case 
with 
A=4D/L?, B=1W/L, C 
D=0, E = 0, PF = 


A completely general evaluation is given by 
equation (D4), However the case in which drift is 
dominant has already been discussed in detail. 
We shall therefore discuss here the case of zero 
drift (which is in any case correct at large w even 
in the presence of drift). Using equation (D7) we 
then find, with no further approximation 


= ReJ (3.24) 
[D/(r + — exp(—yL)]/L 
(3.25) 


2Ez+F 


(3.22) 
+ 2Bz+C 


(3.23) 


J = 
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where 

y = 
is the reciprocal ac diffusion length. Equations (1.17) 
and (1.24) are now verified. Since Re(yL) > 1 
the exponential term which represents an inter- 
ference effect between the two boundaries may be 
neglected. We then obtain 


(3.26) 


1/ 
= 
= 
x 


(14+x2)3/2 

(3.27) 
where x = r/w. In the region w > r or x € 1 
equation (3.27) reduces precisely to the result 
equation (3.19), of our more heuristic treatment of 
equation (3.18). We may feel justified, then, in 
applying this treatment in two and three dimen- 
sions to verify equation (1.18) for the asymptotic 
behavior of the noise. 

For a sphere, with Q = 47R3/3 


| exp(tk- r) dr = kR—kRcoskR) (3.28) 
re) 
and keeping only the dominant terms (with cos? 
= 3) 
2 


RS 


| exp(k - r) dr (3.29) 


Setting A(k) ~ Dk? in equation (3.11) we get an 
integral identical with equation (3.18) if 2/Z is re- 
placed by 3/R thus verifying equations (1.18) and 
(1.12) for a sphere. The result, equation (1.14), for 
a circle follows from a similar treatment based on 
the asymptotic properties of Bessel functions. 

For the case of a rectangle, one must first suc- 
ceed in deriving the lemma: 


{ sin2($kL, cos @) sin?(4kL2 sin 6) 
x 


cos? 6 sin? 
0 


x d0 k(L1+L2)(x/2) (3.30) 


for large k, and then our results, equations (1.18) 
and (1.13), follow immediately from an integral of 
the form equation (3.18). 
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4. THE INFLUENCE OF BOUNDARY CONDITIONS 

To what extent does the (1/w)3/? law found to 
be valid for “‘fictitious”’ boundaries of a variety of 
shapes remain valid for diffusion effects at actual 
boundaries of solids? 

A first example might be the boundary condition 
that the normal gradient of the carrier density 
vanishes at the surface. In this case diffusion across 
the surface is prevented, and the spectrum will 
simply be that associated with volume recombina- 
tion r/(r2+ w?). (The lowest mode of decay of the 
system will be spatially uniform, with decay con- 
stant r, all other modes will be orthogonal and 
hence will not affect fluctuations in the total num- 
ber of particles.) 

A second example might be a filament, with 
zero gradient at the sides of the filament, noise 
probes at x = 0 and L, but voltage contacts far re- 
moved from the noise probes. In this case, only 
the modes with densities uniform in the y- and 
z-direction will contribute, and the result is the 
same as if the specimen had been infinite in the y- 
and z-directions i.e. it is equivalent to the one- 
dimensional problem solved in Section 3 and has 
the expected (1/w)?/? behavior at high frequencies 
because of diffusion across the boundaries at x = 0 
and L. 

As a third example, let us consider surface re- 
combination, in a one-dimensional case, with 
boundaries at x = +B. Our Green’s function as 
usual (cf. Ref. 9, equation (11.20)) obeys 


(a/ét+ A)K(x, x’, t) = 8(x—x')8(t) (4.1) 


with 

A = r—Dé/éx? (4.2) 
since we are concerned primarily with the effects 
of diffusion. In addition K obeys the boundary 
conditions 


DéK/éx = sK atx = —B 


(4.3) 
DéeK/éx = —s'Katx=B 


appropriate to surface recombination velocities s 
and s’. In view of equations (1.7) and (1.9) the 
spectral distribution can be expressed in the form 


BB 


=R : dx dx’ é 4.4 
= xdx'g(x,x',w) (4.4) 


‘ 
: 
Vv 
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where g(x, x’, w) is the Laplace transform 


g(x, x’, w) = | exp(—iwt)K(x, x’, t)dt (4.5) 
0 


and consequently obeys 


(A+iw)g(x, x’, w) = 8(x—x’) (4.6) 
or 


(d?/dx? — y?)g9(x, x’, w) = —(1/D)8(x—x') (4.7) 


where 
y? = (r+1tw)/D (4.8) 
Comparison of equations (4.1) and (4.6) indicates 
that g(x, x’, w) may be interpreted as the response 
at x to a single frequency exp(iwt) source at x’. 
Integration of equation (4.7) yields 
B 
dx = (1/°D)+ 
-B 
+(1/y*)[ge(B, *')—g2(—B, 
(4.9) 


where g(x, x’) = Og(x, x’)/éx and the first term is 
the volume term which would remain present if 
the second derivative diffusion terms were dis- 
carded. For any interior point x’, gz(+B, x’) can 
be regarded as a source free solution of an equation 
like (4.7) on the variable x’. Thus the second inte- 
gration in equation (4.4) can be explicitly carried 
out: 


g(w) = Re{(1/y2D)+ B)+ 
+822(—B, —B)—grx(B, — B)—gz2(—B, 
(4.10) 


where 


-If the differential equation (4.7) and boundary 


conditions (4.3) possess inversion symmetry about 
x = 0, we can simplify equation (4.10) to: 
8(w) = 7/(7? + + 
B)—gzx(B, — B)]} 
(4.12) 


Equations (4.10) and (4.12) are the basis for our 
intuitive remarks in the introduction that the noise 
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automatically splits into a volume term plus a cor- 
rection for diffusion across or into the boundary. 
Furthermore, equation (4.10) explicitly displays a 
term for diffusion across each boundary plus two 
interference terms which are of negligible impor- 
tance when yB > 1, i.e. when the boundaries are 
far apart compared to an ac diffusion length. 

The Green’s function solution of equation (4.7) 
can be found by the standard method) of setting 


g(x, x’) = Cu(xjo(x’) <x’ 


= Cu(x’)v(x) 


%>x’ 


requiring u(x) and v(x) to be solutions of the homo- 
geneous equation obeying the left- and right- 
hand boundary conditions respectively, and 
choosing C so that the jump in ég/éx at x’: 


= —1/D (4.14) 


agrees with that required by the source. The result 
for surface recombination velocity boundary con- 
ditions equation (4.3), is:* 


u(x) = coshyx+a sinh yx 


(4.15) 
u(x) = cosh yx—«’ sinh yx 
C = [yD(a+«’)}- (4.16) 
where 
sinhyB+y cosh yB 
coshyB+y sinhyB’ 
(4.17) 
 sinhyB+y’ coshyB 
a= 
coshyB+~y’ sinhyB 
and 


y=(slyD); =(s'/yD) (4-18) 
The second term in equation (4.10) for the sur- 
face contribution to the noise can now be written 
exactly as in equation (1.17): 
Ag(w) = (4.19) 
where Q is given without approximation by 
2yy'+(y+y') coth(yB) 
2(1 + yy’) coth(yB)+(y+y’)[1 + coth? (yB)] 
(4.20) 


* The authors are indebted to H. K. GumMMEzL for in- 
dependently verifying these results for the case s = s’ 
and for calling our attention to CHAMPLIN’s work(!2) on 
the same subject. 
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When y’ = 4, this reduces to 


O = y/(1+y cothyB) +y) (4.21) 
in agreement with equation (1.25) and CHAMmp- 
LIN“@2). We suggest that the limiting result OQ = 
y(1+y) be regarded as the probability that an 
electron which hits the surface does not return. In 
support of this idea, we note that when yB > 1, 
equation (4.20) reduces to 


= 


where the factor } arises because we have used 
S/Q = 2((2B) in equation (4.19) whereas we 
should have used 1/(2B) for each boundary. 
Indeed, the first term in equation (4.22) arises 
from grz(—B, —B), and the second from gzz. (B, 
B) in the limit yB > 1. The interference terms are 
of order exp(—2yB) < 1. Further support for our 
interpretation can be garnered from a calculation 
of the semi-infinite case using v(x) = exp(—yx), 
C = [yD(1+.)]-! which leads directly to the 
probability y/(1+.y). 

(We also note that the appropriate Green’s func- 
tion for the infinite domain (vanishing as x > + 00) 
is: 


(4.22) 


ox, x’) = (2yD) exp(—y|x—x'|) (4.23) 


when inserted into equation (4.10) or (4.12) leads 
to complete agreement with the result, equation 
(3.25) for the “fictitious” boundary calculated by 
an entirely different method.) 

The surface recombination result, equation 
(4.21), leads to a dominant inverse three-halves 
behavior 


g(w) ~ (D/2w*)1/2/B (4.24) 
in the region 

87°B2/D < w < s*/2D (4.25) 
whereas at higher frequencies 

[r+(s/B)]/o* (4.26) 


corresponding to an enhanced volume recombina- 
tion. The (1/w)?/2 region can therefore only be ob- 
served if the recombination velocity is large 
enough: 


s > 47B (4.27) 


A more detailed understanding of the shift from 
a (1/w)?/2 to a (1/w)? behavior can be obtained if 
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one expands by standard methods“®) the Green’s 
function K(x, x’,t) or g(x, x’,w) for the case 
s = s’ in terms of the eigenfunctions cos knx of A, 
where the ky, obey the boundary condition 


tanknB = (s/knD) (4.28) 
The final result for g(w) takes the form: 
2 
1 


lw+r+ Dk? 


The behavior of g(w) for large w is controlled by 
the high modes Dk? ~ w. The factor in brackets is 
a minor correction and can be omitted. If one re- 
placed the sum by an integral using Ak ~ 7/B, the 
integral would be identical to equation (3.12) and 
reduce to the fictitious boundary result. This re- 
placement is not valid because sin?(k»B) does not 
sample sin?(kB) at closely spaced points but only 
at points roughly half a wavelength apart. For this 
same reason sin?k,B, which represents the squared 
density gradient at the boundary, can- 
not be replaced by the volume average value of 4 
appropriate to the fictitious boundary case. Rather 
one must use equation (4.28) to obtain 


= (4.30) 


sin? k,B 


from which we see that the mean square density 
gradient at the boundary is about unity for the low 
modes whereas it decreases for the high modes. In 
other words, for the low modes one has “‘infinite”’ 
surface recombination and the surface is an anti- 
node for the density gradient leading to a mean 
squared density of twice the volume average and a 
sticking probability Q of unity, twice the result for 
a fictitious boundary. On the other hand, equation 
(4.29) indicates that for any fixed s, the surface 
must approach becoming a node for the density 
gradient for sufficiently large n. In other words the 
surface recombination velocity boundary condition 
inhibits diffusion into the boundary at very high 
frequencies or propagation constants. 

This last result indicates that a surface recom- 
bination velocity boundary condition is not en- 
tirely realistic unless one allows s to become fre- 
quency dependent. For example, let us suppose 
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that recombination occurs not at a surface but in a 
region of width a with recombination coefficient r’ 
and diffusion coefficient D’. We may suppose that 
x = 0 is an ideal surface with én/éx = 0. The 
boundary condition at x = a in contact with the 
interior is then 


= = tanh(y’a) (4.31) 


where 
y= +ia) 


and we have used n(x) = cosh(y’x) in the “surface 
region”. Thus 

(D/D'\(r' +tw)a ~ (D/D'y'a for y'a <1 
(4.33) 
(4.34) 


(4.32) 


+iw)/D'}2D for y'a > 1 


Although equation (4.33) may be valid for a broad 
frequency range, the limiting behavior at very high 
frequencies (or at all frequencies when a = ©) is 


determined by (4.34): 
y = (s/yD) y'ly > (DID? (4.35) 


= y(yt+1) VD(VD+ VD’) 
(4.36) 


so that the probability Q of no return diffusion is 
unity when D’ = 0 and $ when D’ = D, in agree- 
ment with our fictitious boundary result. In any 
case Q becomes independent of frequency at high 
frequencies and a (1/w)?/? law prevails at high 
frequencies whenever diffusion across the bound- 
ary is a possible process. 


5. TRAPPING PLUS DIFFUSION 
A general conservation equation in the presence 
of trapping, recombination, drift and diffusion 
has been derived by vAN RoosBRoECK®), assuming 
only charge neutrality. In its general, nonlinear 
form, this equation can be written as: 


ém|ét = div( Dp gradn+Dy grad p)— 
+ gradn—WVp gradp+G—R 


(5.1) 

where 
m=n+h = p+p (5.2) 
Dn = pDpDn|(nDnt+pDy) = Dp|(n+p) (5.3) 
Dy = = Dn[(nt+p) (5.4) 
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D = (n+p)DpDn|(nDn+pDp) = Dn+Dp (5.5) 
Yn = = pv|(p—n) (5.6) 
Vp = = —nv|(p—n) (5.7) 
V = = (5.8) 


Here Dy, and Dy» are the concentration independent 
electron and hole diffusion constants, D and v are 
the concentration dependent ambipolar diffusivity 
and drift velocity respectively, # and # are the con- 
centrations of trapped electrons and holes, and G 
and R are the rates of generation and recombination 
of electron hole pairs. The rate of change of free 
electrons can be determined from 


Ot = Om/0t— On| (5.9) 
where the rate of change of trapped carriers is 
determined by the usual equation (2.11). 

Equation (5.1) can be linearized by making the 
replacement 


p—>ptAp (5.10) 


n—>n+An, 


where and p now represent (possibly space 
dependent) steady (i.e. time independent) solutions 
in the absence of fluctuations or variable driving 
forces—although it would not change our analysis 
if these steady values were modified by the pre- 
sence of a steady light, or the presence of shallow 
donors and acceptors. We shall for the purposes of 
this paper explicitly assume homogeneity for the 
steady solutions in the form 


gradn = gradp = 0 (5.11) 
In this case, the linearization of equation (5.1) is 
accomplished trivially by replacing and p under- 
neath the gradients by An and Ap, with Dy and 
D, taking the now concentration independent 
values appropriate to the steady-state. In addition, 
we shall assume either that no trapped holes are 
present, or that their fluctuations may be neg- 
lected: Af = 0, and impose charge neutrality in 
the form: 


Ap = An+Af (5.12) 


Furthermore, we shall assume that our material is 
sufficiently p-type for us to approximate the net 
recombination by 


R-—G rAn 


(5.13) 


: 
= 
VOT 
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: 
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although there would in fact be no significant in- 
crease in labor to keep a term in Ap. 

Making use of equation (2.13), (5.1), (5.9), 
(5.12) and (5.13) we obtain our final linearized 
equations in the form 


éAn/et = —(v+r+v- V—DV?)An+ 
+(g'— vp: V+DpV2)AA 
vAn—g'Ah 


(5.14) 


— 
~ 


v = 


is the capture rate into the empty traps, as in equa- 
tion (2.16), 
=gt+Cn (5.15) 


is the effective release rate, as in equation (2.18), 
and C represents a capture rate per empty trap 
(cross section x velocity) with dimensions cm%/sec. 

Since the relation between solutions in one, two 
and three dimensions has been found to be a fairly 
simple one (cf. equation 1.17), and we understand 
from Section 4 the effect of modifying the bound- 
ary conditions, we can best isolate the effects of 
trapping by considering our usual one-dimen- 
sional example with “fictitious” boundaries at 
x = Oand L. 

One can proceed easily by expanding in terms of 
eigenfunctions of the decay operator. For our 
effectively infinite crystal, these eigenfunctions are 
plane waves, and as in equation (3.8) we introduce 
the Fourier coefficients An(k, t), Afi(k, t) which in 
view of equation (5.14) obey the equations: 


éAn(k, t)/ot = —(v+r+ivk+ Dk?)An(k)+ 
+(g' 
@Afi(k, t)/@t = vAn(k)—g' AA(k) (5.16) 


A method for handling these equations exactly 
and with no computational difficulties is outlined 
in Appendix E. However, we shall gain more phys- 
ical insight, and obtain simpler formulae (which 
can only be obtained with appreciable difficulty 
from the exact results) by making approximations 
based on the method of low mode isolation devel- 
oped in Section 2. 

Following the procedure of equation (2.31), the 
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low mode isolation is accomplished by setting 

= 0 or 

An(k) = Af(k)(g' pk —Dyk?)/(v +7 + ivk + Dk?) 
(5.17) 

so that the trapped carriers experience the slow 


decay: 
t)/Ct = —As(k)An(k, t) (5.18) 


with 
= (5.19) 
v+r+ivk+ Dk? 
va = g'+vn|(n+p) (5.20) 
ve = g/—vn|(p—n) (5.21) 


which reduces for k = 0 to equation (2.33). 

On the other hand, the fast decay, which essenti- 
ally characterizes the free electron decay can be ob- 
tained from the trace as in equation (2.27): 


An(k) (5.22) 


From equation (3.20) we see that the effects of 
diffusion are not important unless 


w > ~ 6x10/sec (5.23) 


i.e. as claimed in Section 1, diffusion (and drift) 
can be neglected entirely with regard to the fast 
modes. 

(Returning to equation (5.19) for the slow modes, 
we might be tempted to reduce our problem to an 
equivalent problem with no traps by setting k = 0 
in the denominator, neglecting terms like Dk? with 
respect to v, however this approximation lets 
As(k) — 00 as k > o0, whereas in fact it approaches 
v4. This approximation will therefore be valid only 
for w < v4.) 

In view of remark (6) in the introduction and 
equation (2.10), we have, keeping only the N con- 
tributions: 


G(V, f) = 4[N’V2/(P+ Nb)2]Reg(w) (5.24) 
when 


= | exp(—iwt)b(t)dt (5.25) 
0 


LL 
b(t) = R(x, x',t)dxdx’ (5.26) 
00 
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where K, the Green’s function for the trapped car- 
riers, can be defined as in equation (3.10) using 
As(k) as the decay constant. Our result can then be 
brought into the form of equation (3.22) with the 
parameters given by 


A = = 4(D/L?) 
B = E=i(v/L) (5.27) 
C = (v+r)\(As+iw); F=v+r 


where Ag ~ rg’/(v+r) is the slow decay rate in the 
absence of drift and diffusion. 

We first discuss the case of negligible drift, using 
equation (D7). As long as L is significantly larger 
than a diffusion length, the exponential interference 
term in equation (D7) can be dropped and we have: 


Xs 
= 
D 
L\vtr) 


(5.28) 


The approximation in equation (5.19) of omitting 
Dk? in the denominator would have yielded equa- 
tion (5.28) with v4—Azg replaced by v4, and v4+iw 
replaced by v4, the latter valid as long as w < v4. 
This approximation suggests an effective diffusion 
coefficient 

Des = Dva|(v+r) (5.29) 
and indeed in the region Ag < w € v4, equation 
(5.4) reduces to the familiar form 


Ag(w) = (5.30) 


for the diffusion contribution to the noise. In fact 
As plays the role of an effective recombination 
coefficient, and over the range 0 < w € v4 we 
have 


1 /Den\1/?2 

(1422992 


(5.31) 


where x = s/w, in agreement with equation (3.27). 
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An approximation valid in the overlapping range 
wis 


1 (Fa) 


Ag(w) = 2w3 1+y? 


1/2 
(5.32) 


where y = w/v4. In the common region As < w 
€ v4, equations (5.32) and (5.31) reduce to the 
simple inverse 3/2 law. (See Fig. 2.) The ratio of 
the maximum frequency v4 at which the 3/2 law 
occurs to the minimum frequency defined by 
equation (3.20) at which it dominates is 


200 (5.33) 


for the choice of parameters in Table 1, although it 
could be significantly larger for different choices of 
parameters. In Fig. 2 the slope appears to be close 
to 3/2 over about three decades. 

In the region w > v4, equation (5.32) reduces to 
an inverse square law 


Ag(w) (Denva)!/?/(Lw?) 


Dv 


22L2/Den 21772 


(5.34) 


which is greater than the high frequency contribu- 
tion (second term of equation 1.4) up to about 


w ~ ~ 108 (5.35) 


as may be seen in Fig. 3. It is, of course, not neces- 
sary to neglect the fast decay contribution. One 
need only add the Ag(w) obtained here for the 
diffusion correction of the slow modes to the exact 
volume contribution, equation (2.22) of both slow 
and fast modes. 

Let us now discuss the situation in which drift is 
the dominating influence by neglecting diffusion. 
Using equation (D9) the noise g(w) is the real part 
of 


1 vp—As 


(v+r)(As+1w) 
(5.36) 


where the sign is chosen so that the exponential has 
magnitude less than unity. When the field is low 
enough for the interference term to be neglected, 


= 
4 
a 
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equation (5.36) reduces for w > As to 
g(w) = Re] 
(5.37) 


In the limit as the field approaches infinity, B 
and E approach infinity with a finite ratio. Equa- 
tion (D10) then yields 


= Re] ~ Re(E/B) = Re(vg+iw)— (5.38) 


a simple relaxation spectrum. 

This result is unusual in that vg as defined by 
equation (5.21) can go negative, i.e. one has 
amplification rather than decay. We can, however, 
using g’ = g+Cn, C = v/(m—n), g = vnin, (cf. 
equations 5.14, 5.15 and 2.14) write: 


vp = (5.39) 
so that vg can be made negative only if the number 
of majority carriers (more precisely p-n) can be 
made smaller than the number of filled and 
the number of empty traps. This is possible in 
an intrinsic region. 

The limiting result, equation (5.38), can be ob- 
tained from equation (5.36) by expanding the ex- 
ponential and keeping only the first nonvanishing 
contribution. Thus the limiting result (equation 
5.38) and the possibility of amplification require a 
field large enough so that 


> NP (5.40) 
or 
v/L > (v+r)As/vg ~ 7, w<As (5.41) 
v/L > (v+r)w/vp, As<w<vg (5.42) 
v/L > v+y, VvB<w (5.43) 


Equation (5.41) using Table 1 requires modest 
fields of the order of 1 V/cm, but equation (5.43) 
requires fields of the order of 1000 V/cm. 
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APPENDIX A 


Kinetic derivation of concentration fluctuations 


We adopt as our basic transition probability per unit 
time 


w(N’, N’; N, N) = [G8(N’, N+1)+ 
+ R8&(N’, N—1)]8(N’, N) + 
+gN8(N’, N+1)8(N’, N—1)+ 
N—1)8(N’, N+1) 
(Al) 


where N’, N’ are the final number of free and bound 
carriers. Then, summing over the primed variables: 


S (N’—N)w(N', N’; N,N) = G-R+gN-vN 
> (N’—N)w(N’, N’; = vN-gN 


where 


v = (N—N)C/Q (A3) 


yields the right-hand side of equation (2.11) in accord 
with Ref. 9, equation (5.22). According to Ref. 9, equa- 
tion (5.23) the elements of the diffusion matrix are 
defined by 


Dy = (N’—N)?w; 


Dez = > (N’-N)Pw; (A4) 

Diz = > (N’—N)(N'—N)w 
Du = H(G+R)+(gN+vN)] (AS) 
= R+gN ~rN+gN (A6) 


where we evaluate Dj; at the steady-state value and use 
the steady-state conditions 


G=R, vwN=gN (A7) 
to obtain equation (A6). We may take the “total’’ re- 
combination rate per electron R/N as approximately 
equal to the (observed) differential rate r defined by 
R-G =rAN when N <P. The complete matrix, ob- 


tained in this way is 


Nr+N, _—N, 
‘Neg (A8) 
—Ne, Ne 
and 
N, 0 
(vN—Neg)/g’, Nele 


In view of equations (A7) and (A3), the 21 element of this 
matrix vanishes and 


gle’ = 1—-(N/M) (A10) 


Vv 
14 
1 
2 
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so that 


= ( 


N, 
0, N’ 


Since A~!D is symmetric, our results are in accord with 
an underlying time reversibility,* and the second 
moments are by Ref. 9, equation 5.20 given by A~!D 
itself, thus justifying the moments quoted in equation 


(2.20). 
APPENDIX B 


Fluctuations in occupation number with finite hole reservoir 

We shall show that the results of Appendix A, derived 
without explicit consideration of holes remain valid as 
long as the number of holes is large compared to the 
number of traps and the number of free carriers. For this 
purpose, we apply equation (12.38) of Ref. 9 using Fermi 
statistics in the form: 


<An(a)An(c) > = n(c)'8(a, n(b)'] 
(B1) 

where 

(occupancy) x (fraction empty) 


n(a){1 — [n(a)/n(4)max]} 


Equation (B1) has been constructed to describe the situa- 
tion in which the occupancies are assumed to be subject 
to the constraint of a fixed total number. Let us apply this 
result assuming there are three states n(1) = N= 
number of conduction electrons, n(2) = N = number of 
trapped electrons, n(3) = number of electrons in the 
valence band = Ny—P when Ny = number of valence 
states and P = number of holes. Thus 


n(1)’ = N[1—N/Ne] » N 
n(2)' = N(1—N/M] = N’ 
n(3)' = (Ny—P)(P/Nv) P 


n(a)’ 


(B2) 


(B3) 
(B4) 
(B5) 
assuming nondegeneracy for both electrons and holes. 


Remembering that An(3) = — AP, we can now write our 
results in the form: 


<(AN)2) = N—N?2/(P+N+N’) 
<((AN)?> = 
<ANAN) = —NN’/(P+N+N) 
<(AP)?> = P(N’+N)/(P+N+N’) 
<APAN) = NP|(P+N+N’) 
<APAN ) = N’'P/|(P+N+N’) 


(B6) 
(B7) 
(B8) 
(B9) 
(B10) 
(B11) 


* That the symmetry of A~!D is sufficient (as well as 
necessary) for time reversibility may be seen by com- 
bining equations (5.19) and (6.4) of Ref. 9. 
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These results are clearly consistent with the constraint 
AP = AN+AN ona fixed total number of electrons and 
they reduce to previous results when PS WN and 
P> N’. They also reduce to 


((AN)?> = <((AP??> = NP(N+P) (B12) 


when no traps are present. When P = 0, the results 
agree with Ref. 9, equations (12.41) and (4.30) for 
fluctuations in majority carriers supplied by traps. 


APPENDIX C 


Correlations introduced by coulomb forces 


For the concentrations appropriate to nondegenerate 
electrons and holes in semiconductors, it is adequate to 
use the classical Debye-Hiickel'!?!8) theory which 
yields 


(An(r)An(1’) > = [n?/(n+p)|F(r—r’) 
(C1) 

Ap(r)Ap(r’) > = p(r)8(r— 1") — 
(C2) 

<An(r)Ap(1")> = (C3) 


where 


F(r) = exp(—Ar)/(4z7) (C4) 


and 


= 4n(n-+ p)e2 


defines the extrinsic Debye screening length 1/A. As long 
as the above correlations are integrated against a func- 
tion which is smooth over distances large compared to an 
extrinsic Debye length, it is adequate to make the re- 


placement 
F(r—r’) &(r—r’) (C6) 


(C5) 


which yields the result of equation (3.5) computed under 
the assumption of charge neutrality: 


<An(r)An(1’)> ~ [np/(n+ 


The error involved in equation (C7) can be most readily 
appreciated by rewriting equation (C1) in terms of the 
fluctuations in the Fourier component (3.8): 


<An(k)An(k’) > 
= d(k—k’){np/ (n+ p)— +°)} 
(C8) 


(C7) 


Thus the correction term is only important for the high 

Fourier components k ~ 4, i.e. at frequencies 
w ~ Dr = D(4ne2/kT)(n +P) 

= 4n(n+p)en ~4ra (C9) 


comparable to the reciprocal dielectric relaxation time. 
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(In the presence of trapping—cf. equation (1.29)—the 
effective diffusion constant is smaller by a factor v/v, as 
is the frequency at which charge fluctuations make their 
effects felt.) 


APPENDIX D 


An integral 
If F(z) has no singularities other than simple poles 
and is bounded at infinity then 


1 sin?z 
jJ=- | dzF(z) (D1) 


22 


= F(0)+}{>@ R(%a)[1 — exp(2iza)]/2?- 
— >» R(2»)[1 —exp(—2iz,)]/2?} 
(D2) 


where 2a, (2p) are the poles of F(z) in the upper (lower) 
half-plane and R(za), (R(z»)) are the corresponding 
residues at these points. If 


F(z) = (Dz®+2Ez+F)/(Az?+2Bz+C) (D3) 


then the two poles z, and z- will in our applications 
usually occur in the upper and lower half-planes re- 
spectively so that 


J = FIC+(i/4)(B2— AC)-124(D + 2E/z,, + F/2?) x 
x [1 —exp(2iz,)]+(D+ 2E/z_+ F/z2) x 


x [1 —exp(—2zz)]} (D4) 
(D6) 


For the special case of no drift, B = E = 0, we get 


F 1/A\'?2 


« 
2 


(D7) 


In our applications, we always find |exp(—2iz-)| <1. 
When drift is not predominant, or at sufficiently high 
frequencies in any case, we have |exp(2iz,)| <1, ie. 
when boundary interference effects are negligible: 


J = (FIC+4(AC— x 
x [D—2(EB/C)— F(AC —2B?)/C?] 
(D8) 
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When drift is strong, we must retain interference effects, 
but can neglect diffusion, i.e. with D = A = 0 


J =(F/C) + i{(FB— EC)/C*][1 — exp( +1C/B)] (D9) 


where the sign is always chosen so that the magnitude of 
the exponential is less than unity. For extreme drift 
B- o but E/B finite 


J (D10) 


APPENDIX E 


Exact solution, trapping plus diffusion 
Equation (5.16) can be rewritten in matrix form 


é /An(k, t) An 
where 
A) = 
(E2) 


is the decay matrix. Equation (5.14) has the matrix 
Green’s function 


1 
K(x, x’, t) = | exp[tk(x — x’)] exp[— A(k)t] dk 
(E3) 


The autocorrelation function and its Laplace transform 
are now matrices: 


1 
= — dx dx'K 
L 
00 


L sin(RL/2) 72 
{| | ae 
(E4) 


sin 2\2 1 
Als) 


The effect of diffusion is therefore to replace the matrix 
[iw+A(0)]-! by g(w). We may make this replacement in 
the first form of equation (2.21) to obtain the exact result 
for the noise spectrum. (‘The approximations used in the 
text are essentially equivalent to taking account of the 
change produced by diffusion only in g22(w). The other 
terms are either small compared to this dominant term 
or not significantly affected by diffusion.) For the exact 
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vAN Roossroeck W., Bell Syst. Tech. J. 39, 515 
(1960); Phys. Rev. (to be published). 

Lax M., Rev. Mod. Phys. 32, 25 (1960), see 


result it is convenient to add the terms in equation 8. 
(2.21) underneath the integral sign. The result is a single 
integral of the form evaluated in Appendix D. 9. 
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SURFACE ELASTIC WAVES IN SEMICONDUCTORS 


D. C. GAZIS and R. HERMAN 


Research Laboratories, General Motors Corporation, Warren, Michigan 


and 
R. F. WALLIS 
U.S. Naval Research Laboratory, Washington 25, D.C. 


1. INTRODUCTION 

AN understanding of the nature of surface elastic 
waves in semiconductors is important in the study 
of such phenomena as electrical conductivity and 
the scattering and absorption of radiation at sur- 
faces and interfaces. The existence of surface 
waves in isotropic elastic media has been known 
since the pioneering work of Lorp RAYLEIGH"), 
These surface waves, known as Rayleigh waves, 
are characterized by displacement amplitudes 
which decrease exponentially with increasing dis- 
tance from the free surface. 

There have been relatively few treatments of 
surface waves in anisotropic media such as crystals. 
STONELEY®) has studied the case of cubic crystals 
and has found that Rayleigh-type surface waves 
exist for some but not for all physically allowable 
values of the three elastic constants. STONELEY 
assumed that the displacement components (u, v, 
w) at a point in the crystal can be written in the 
form 


(u, v, w) = (U, V, W) exp x[—qz+(lx+my—ct)] 
(1) 


where c is the phase velocity, « the wave number, 
g the attenuation constant and U, V, W are con- 
stants. The free surface is assumed to be defined 
by z = 0 and /, mare the direction cosines for the 
direction of wave propagation parallel to the 
surface. 

It is necessary that the displacements satisfy 
both the equations of motion and the boundary 
conditions at the free surface. For given values of 
c, land m there are at most three values of g which 
have positive real parts and for which equation (1) 
satisfies the equations of motion. By substituting 


these three values of g into equation (1) and taking 
a linear combination of the three displacements 
thus obtained, one can satisfy the boundary con- 
ditions provided the phase velocity ¢ is properly 
chosen. If the three values of g turn out to be posi- 
tive and real, then a surface wave exists and it is a 
Rayleigh-type wave. It sometimes happens, how- 
ever, that two of the g’s are complex conjugates 
and the third is positive real. A surface wave again 
exists, but it is not of the Rayleigh-type and we 
shall designate it by the term generalized Rayleigh 
wave. Finally, if one or more of the q’s is pure 
imaginary, no surface wave exists. 


2. SURFACE WAVES IN DIAMOND, SILICON, 
GERMANIUM AND LEAD SULFIDE 

In a recent investigation, Gazis et al.@) have 
determined the ranges of the elastic constants for 
which the various types of surface waves exist on 
the (001) surface of a cubic crystal. The results are 
shown in Fig. 1 where the elastic constant ratios 
£1 = ¢11/€4q and ge = C2/c4q are plotted on the x- 
and y-axes, respectively. The region above the 
line gi+2g2 = 0 and below the line gi—ge = 0 
corresponds to a stable crystal and is physically 
acceptable. If the elastic constants of a crystal fall 
in the region below the curve marked bound (1) 
and above the line gi+2g2g = 0, then Rayleigh 
waves exist at (001) surfaces. The position of 
bound (1) depends to a slight extent on the direc- 
tion of propagation of the surface wave, the curve 
shown being that for the (100) direction. 

If the elastic constants fall below the curve 
marked bound (2) but above bound (1), surface 
waves again exist on a (001) surface, but they are 
now of the generalized Rayleigh-type. This is true 
for all directions of propagation from (100) to (110). 
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Above bound (2) but below the line gi—g2 = 0, 
there is a range of directions of propagation about 
the (110) direction for which no surface waves can 
exist in a (001) surface. Under these circumstances 
at least one of the attenuation constants q turns 
out to be pure imaginary so that the wave does not 
damp out away from the surface. 


Fic. 1. Bounds for Rayleigh waves (bound 1) and for 
generalized Rayleigh waves (bound 2) in terms of the 
elastic constant ratios ¢11/caa and c12/caa. [_]: diamond, 
(): silicon, /\: germanium, \/: lead sulfide. 


Using values of room temperature elastic con- 
stants taken from the American Institute of Physics 
Handbook, pp. 2-56, one finds that the points for 
diamond, silicon, germanium and lead sulfide lie 
above bound (2) in Fig. 1. These materials, there- 
fore, possess generalized Rayleigh waves in some 
but not all directions of propagation on a (001) 
surface. We have carried out calculations of the 
phase velocities and attenuation constants for sur- 
face waves propagating in various directions on 
the (001) surface of the above mentioned semi- 
conductors, The numerical work was carried out 
on the IBM-704 digital computer at the Research 
Laboratories of the General Motors Corporation. 
' The results for the attenuation constants for 
silicon are presented in Fig. 2 where the real 
attenuation constant q;, and the real and imaginary 
parts’gr and q of the two complex conjugate 
attenuation constants are plotted against the angle 
4 between the direction of propagation of the 


SURFACE ELASTIC WAVES IN SEMICONDUCTORS 


269 


surface wave and the (100) axis. The real attenua- 
tion constant g1, has a maximum at ¢ = 0 and de- 
creases monotonically to zero at ¢ ~ 43°. For ¢ in 
the range ~ 43° <¢ < 45° no surface wave exists. 
For ¢ = 45°, however, a surface wave again exists 
because the solution corresponding to gi is no 
longer needed to satisfy the boundary conditions. 
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ATTENUATION CONSTANTS FOR SILICON 


© 15 20 25 30 35 40 45 
(DEGREES) 
Fic. 2. Attenuation constants for silicon as a function of 
the angle between the direction of propagation and the 
(100) axis. 


The values of gy and q are relatively insensitive to 
changes in ¢. 

In ordinary physical units the attenuation con- 
stants are equal to the products «xg where « is in- 
versely proportional to the wavelength of the 
surface wave. Consequently, the shorter the wave- 
length the more rapidly the wave attenuates away 
from the surface. 

The attenuation constants have also been calcu- 
lated for diamond, germanium and lead sulfide. 
In each case the results are very similar to those for 
silicon given in Fig. 2. In particular, the real 
attenuation constant g; becomes zero for each 
material when ¢ is very nearly equal to 43°. 

The results for the phase velocities are presented 
in terms of the ratio p of the surface wave phase 
velocity c to (c44/p)'/2 where p is the density. The 
quantity (c44/p)!/2 is the phase velocity for trans- 
verse bulk waves propagating in the (100) direction. 
A plot of p as a function of the angle between the 
direction of propagation of the surface wave and 
the (100) axis is given in Fig. 3. For all four 
materials considered the surface wave phase 
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velocity increases slowly to a maximum and then 
decreases as the direction of propagation varies 
from (100) toward (110). In general the value of p 
is less than unity so that the surface waves have a 
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Fic. 3. Phase velocity ratio as a function of the angle be- 
tween the direction of propagation and the (100) axis. 


lower phase velocity than do the transverse bulk 
waves. The total variation of p with ¢ for any one 
of the four semiconductors is quite small and does 
not exceed about 10 per cent. 


3. COMMENTS ON THE LATTICE THEORY OF 
SURFACE WAVES 


Several investigations have been made®-5) on 
the theory of surface waves in crystals from the 
lattice vibrational point of view. It has been 
found: 4) that under proper circumstances surface 
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waves are associated with the accoustical branch 
which become identical with Rayleigh waves or 
generalized Rayleigh waves in the limit of long 
wavelengths. As the wavelength becomes shorter 
and comparable to the lattice spacing, these acous- 
tic surface waves exhibit dispersion, ®) that is, the 
phase velocity decreases with decreasing wave- 
length. 

It has also been found: 5) that surface lattice 
vibrational waves may be associated with the 
optical branch. These optical surface waves may 
have frequencies which lie in the “forbidden” gap 
between the usual acoustical and optical branches. 

Carrying out a lattice vibrational theory of sur- 
face waves in the semiconductors considered here 
is somewhat difficult for several reasons. First, 
these materials possess more than one atom per 
unit cell and second, a completely satisfactory 
model may involve a great many interatomic 
interactions. The calculations, expecially the satis- 
fying of the proper boundary conditions, may 
therefore become very complicated. The problem 
is by no means hopeless, however, and it is be- 
lieved that lattice vibrational calculations can lead 
to worthwhile results. 
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GALVANOMAGNETIC PROPERTIES OF SEMICONDUCTOR 


THIN FILMS AND 


INTRODUCTION 

THE purpose of this paper is to study the behaviour 
of carriers in thin films as well as in surface layers* 
of semiconductors, under the influence of electric 
and magnetic fields. The reason for the treatment 
of both thin filins (wherein no space charge is 
assumed to exist) and surface layers lies in the 
marked resemblinc2 of these two physical situa- 
tions. Those charge c2rriers whica are attracted 
to the surface by an elecirostatic potential (which 
is due to the surface electric field) are constrained 
to move along tne surface in a potzntial well. 
This well is, in effect, a thin film bounded by the 
actual surface on one side and by the potential 
incline on the other. Unlike the carriers in the 
case of the thin films, however, the carriers in the 
surface potential well possess electrostatic energy 
which is position dependent; furthermore, the 
greater the total energy of those carriers, the 
thicker the effective film in which they are con- 
strained to move (this is due to the dependence 
of the potential upon distance from the surface), 
and carriers of sufficiently high energy are not 
bound in the well at all, and can move anywhere 
in the entire body of the sample. A film, or surface 
layer, is considered to be “thin’’ when its thickness 
is comparable to (or smaller than) the mean free 
path of the carriers. 

The emergence of a “‘size effect’’, which is the 
variation of the galvanomagnetic properties with 
the thickness of the film (exclusive of the effects 
of the charge concentration or depletion by the 
surface potential), comes about as a result of the 
additional scattering mechanism which now affects 
an increasing fraction of the carriers: surface 
scattering. In the geometry considered here, the 


* The surface layer is that region of the bulk material, 
adjacent to the surface, in which a net space charge exists. 
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SURFACE LAYERS 


surface (or two surfaces) is parallel to the current 
flow and normal to the applied magnetic field 
(which is along the layer’s thin dimension). There 
are two distinct (though not mutually exclusive) 
manners in which carriers can be scattered from 
the surface. In the case of specular reflection only 
the direction of the carrier’s momentum normal 
to the current flow is reversed. Clearly none of the 
transport properties would be altered, and the 
properties of the thin layer in this case would be 
indistinguishable from those of the bulk (except 
for the effects of an electrostatic potential, which 
are not considered to be “‘size effects’). When the 
carriers undergo diffuse scattering at the surface, 
Knudsen’s cosine law obtains and the density of 
scattered carriers is isotropic. This corresponds to 
termination of all free paths and loss of the carriers’ 
velocities after they have been scattered. It is the 
diffuse scattering which is our main concern. 

The decreased conductivity of thin metallic 
films was discussed in detail by Fucus”), and his 
treatment was extended to include the effects of a 
transverse magnetic field by SONDHEIMER®?), SoND- 
HEIMER predicted that the conductivity should 
undergo strongly damped oscillations as a function 
of the magnetic field; these were observed for the 
first time in a thin sodium wire at 1°K by BaBIsKIN 
and SIEBENMANN®). In the case of a surface layer 
wherein a space charge exists because of charges 
in surface states or an external electric field, the 
galvanomagnetic properties differ from those in 
the bulk due to two causes: the scattering which 
the carriers undergo at the surface, and the change 
from the bulk value of the carriers’ densities due 
to the surface electrostatic field. The effect of 
scattering from the surface upon the conduction 
in a space-charge layer of a semiconductor was 
first considered by ScHRIEFFER™) whose method 
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was extended to include a magnetic field by 
ZeEMEL®), ZEMEL and Petritz) performed experi- 
ments on the magnetoconductivity and Hall effect 
of surface layers in near intrinsic germanium, 
following the development of a formalism by the 
second author. ‘?) 

In the present study, the Boltzmann transport 
equation is solved for the case when a space charge 
is present, and the thin film (without a space 
charge) represents but a special limiting form. It 
is noteworthy that the steady state treatment which 
follows is applicable even when the electrostatic 
potential in the surface layer is altered in a “field 
effect”’ experiment®) wherein changes in local 
carrier densities take place; this is due to the 
large difference between the sundry scattering 
relaxation times and the lifetimes of the free 
excess carriers. The problem can be separated 
conveniently in terms of independent distribution 
functions, identical in form, for holes and for 
electrons. The spatial dependence of the potential 
is known as a function of the electrostatic field at 
the surface from the solution of Poisson’s equation, 
and it matters nought whether the field at the 
surface is due to charges in surface states, to an 
external field (applied capacitively) or to both. 
The specific model adopted in the present dis- 
cussion is based upon the assumption of spherical 
energy surfaces and the existence of a relaxation 
time which is independent of energy, isotropic, 
and the same for all carriers of one kind. The 
effective mass is taken to be a scalar quantity. 
Furthermore, the semiconductor is non-degenerate 
in the bulk as well as in the surface space-charge 
region. A linear surface potential which is trun- 
cated when it reaches the bulk potential was used 
for the computations.+ 

The measurable physical quantities of interest 
are the average (over the thickness) longitudinal 
current density and the Hall field. From these one 
can derive the conductivity, the Hall constant and 
the magnetoresistance. Further, it will be of 
interest to define effective mobilities which would 
differ from the bulk mobilities due to the diffuse 
scattering from the surface. These effective 


+ Such a model does not predict any bulk magneto- 
resistance in the case of a one-carrier semiconductor. 
However, the diffuse scattering at the surface reduces 
the mobilities of some of the carriers and consequently 
gives rise to magnetoresistance. 
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mobilities will depend upon both the thickness of 
the layer and the value of the surface field. The 
effective mobilities can be defined in a number of 
alternate fashions: from the electric current in the 
thin layer,“ from the Hall coefficient or from the 
magnetoresistance.(?) The choice depends upon 
the physical description which one prefers. In 
the present work three types of conductivity 
effective mobilities are defined: the mobility 
derived from the total current flowing in the thin 
layer, the mobility of the excess (due to the surface 
potential) carriers alone, and the mobility of the 
excess carriers from which has been subtracted 
the surface scattering which is independent of the 
surface potential. The latter achieves (for the case 
of low magnetic fields) a formal separation of the 
scattering in the presence of a surface potential, 
from that which exists in its absence. Furthermore, 
in addition to the field effect mobility, there are 
defined two types of effective Hall mobilities: 
one involves averaging over the mobility itself, 
and the other over its square. 


THE DISTRIBUTION FUNCTIONS 
The Maxwell—Boltzmann thermal equilibrium 
distribution function has the following familiar 
form for a single type of carrier 


fo = no(m* |2xkT )3/2 x 
x exp [—(dm*v? + gp)/kT], (1) 


where gq is the carrier’s electric charge, m* is its 
effective mass, mp is the thermal equilibrium 
density of carriers in the bulkt and y% is the 
electrostatic potential which may exist near the 
surface (% = 0 in the bulk). The local densities 
of holes and of electrons are given by 


= poexp(—ep/kT), n= no exp(ep/kT). (2) 


It is wont to describe the solution of the Boltzmann 
transport equation) as 


f= forth: (3) 


In the customary ohmic approximation (applied to 
the drift (Ez, 0, 0) and the Hall (0, Ey, 0) field), 
the transport equation which has to be satisfied 


t When dealing with a single type of carrier, n will 
refer to its local density. When dealing with electrons and 
holes, 7 will refer to the electron density. 
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by fi in the presence of both electric and magnetic 
fields, becomes: 


fi 
TUz m*vz 
gH, a é 
> le — fi-vz 
M”UzC OVy 
= —— [FE,0,+ E,vy]. 


The general solution of this quasi-linear partial 
differential equation is obtained by the method 
of LAGRANGE ®) ; 


fi = sing) + 
in which ©) 


Uz = vcosé, vy = vsin€, (6a) 


2) i (6b) 
é,z)= 
€= = (6c) 
and 
(6d) 
m*c 


D is a constant in the variable #, and its value 
will be determined by introducing the appropriate 
boundary conditions at the surface. 


Diffuse Scattering 

The distribution function for those carriers 
which are leaving the surface having been diffusely 
scattered thereat, should be independent of 
direction altogether: f; must vanish there. At the 
z = 0 surface the perturbation function f; has to 
vanish for carriers with v,> 0, while at the 
z = d surface the perturbation function f, has to 
vanish for carriers with v, <0. Clearly, two 
analytic forms of the distribution function are 
needed in order to describe the system. f7 will 
describe the carriers in that half of momentum 
space where vz > 0, and ff will describe the 
carriers in the other half where v, < 0. 

If there exists a surface potential near the 
z= 0 surface (and the direction of the space 
charge field is the same throughout the sample), 
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the situation depends upon whether the potential 
is attractive or repulsive. (1) If the potential is 
attractive, then there will be carriers constrained 
to move in the potential well bounded by z = 0 
and by the potential incline at z = zp; for those 
carriers f7 will be determined by the condition 
that it vanish at z = 0, and f{* will be determined 
by the condition of specular reflection at the 
potential incline. For those carriers with energies 
high enough so that they are not bound, ff will 
vanish at z= 0 and f; will vanish at z= d. 
(2) If the potential is repulsive, then again one 
needs to distinguish between the bound carriers 
which are prevented by the barrier from reaching 
the z = 0 surface, and the higher energy carriers 
which can reach it. For the bound carriers, ff is 
determined by specular reflection at the potential 
incline, and f* vanishes at z = d. For the unbound 
carriers, as in the case of the attractive potential, 
fi = 0 at z = 0 and ff = Oat z = d. (3) When 
we are dealing with a sample wherein ¢% = 0 
throughout, that is, a thin film without any space 
charge, then simply ff = 0 at z = 0 and ff = 0 
at z= d. 

In studying the properties of the surface layer 
adjacent to z = 0, we shall usually assume that 
the sample is thick in comparison with the carriers’ 
mean free paths, so that f( in the region of interest 
will be simply the bulk function f'4 (vide infra) 
for all the unbound carriers as well as for the 
bound carriers in the case of the repulsive poten- 
tial. 

Attractive potential. f7(vz) is determined by 
choosing the constant D in equation (5) so that 
fi is zero at z = 0. 

Define 


= L(i,z = 0) and AL = Lo-F 
consequently 
qrvfo 


x 
pay 
x exp(AL*) {X cos(PAL>)+ sin(BAL*)}, (7) 


x 


+ Since the sense of vz has not been preserved 
explicitly in the new variable /, the latter was designated 
in equation (7) as #7, to indicate that it refers to sub- 
sequent integration over the positive vz subspace. The 
positive sign of the square root in the integrand will 
apply to #” . #* will refer to the negative vz subspace, 
and the negative sign of the square root will apply to it. 
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wherein 
= (E,+fEy) cos§+(Ey—BEz) siné, 
= (E,+fEy,) sin §—(Ey,—BEz) 
and 04 is the bulk form of the function f;: 


(8) 


0g _ 
RT(1 +B?) {(E, + BEy)vz+ (Ey— BEz)vy}. 


Carriers moving away from the surface toward the 
potential incline are described by fo+/; (vz), and 
those moving toward the surface are described by 
fo+fr(vz). The latter are, however, the very 
carriers which were reflected specularly at the 
potential incline, that is: fo+f{(vz) = (— vz). 
Hence, at the potential incline: 
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same functions for the unbound carriers in the 
case of an attractive potential. For the bound 
carriers which cannot reach the z = 0 surface, 
f7 (vz) is determined by specular reflections at the 
potential incline of carriers arriving there from 
the z = d surface. For thick samples, however, 
fi (vz) and f¥(vz) for the bound carriers will be 
simply the bulk function f°. 

No surface potential. The boundary conditions 
which determine the explicit forms of equation (5) 
in this case are that f7 vanish at the z = 0 surface, 
and that fS vanish at the z = d surface. ff is 
obtained from equation (7) after setting ¢ = 0, 
and f* is obtained from a similar equation applied 
at the other surface. Alternatively, one could have 
proceeded directly from equation (4) in which the 
term containing E, had been eliminated. The two 


= f>(—02). (10) functions are: 
(v2) =f? - exp (— [x cos sin, (12a) 
Combination of equations (7) and (10) yields for the bound carriers*: 
(11) 


For the unbound carriers, f7 (vz) is identical with 
the function of equation (7), and f(vz) is identical 
in form with the function of equation (7) in which 
has been replaced by AY<, where = 
2 = d)— Usually this function (vz) 
in the space-charge region will be simply f° 
unless the sample’s thickness d is of the order ‘of 
a mean free path. 

Repulsive potential. f7(vz) and ff(vz) for the 
unbound carriers are identical in form with the 


* For the cases in which a surface potential is present, 
we write down f<(—vz) rather than f(z), because 
f<(—z) can be subsequently integrated over the same 
positive subspace as (vz). 


CURRENTS AND COEFFICIENTS 
The new distribution functions give rise to 
electrical current densities in both the x direction 
(drift current) and the y direction (Hall current): 


Jz =4 dvz dvy dvz, 
Ju =4 dvz dvy dvz. (13) 


fi, and consequently the current densities, will 
depend in general upon z — the distance from the 
surface. In order to develop expressions for 
quantities which can be compared with experi- 
ment, average current densities will be defined for 
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a layer of thickness d adjacent to the z = 0 
surface: 


d ad 
= | dz, = | Jydz, (14) 
0 0 


where 


a 
J Jeds 


and 
d 
| Ju dz 
0 


are the currents per unit width of the surface 
area, flowing in the thickness d. The experimental 
condition is that there be no net current in the 
y direction. This yields the relationship between 
the Hall field and the applied magnetic and 
electric drift fields. Subsequently explicit expres- 
sions are obtained for the longitudinal current as 
a function of the applied fields, for the Hall con- 
stant and for the magnetoresistance. 


Diffuse scattering 
The distribution functions for the present case 
are not given in terms of the variables vz, vy, 
vz and z but rather in terms of the variables zv, 
€, and Y. Rather than transform the distribution 
functions to the old variables, it would be simpler 
to transform the integration itself to the new 
variables. Although ¥ and € do not constitute an 
orthogonal subsystem, the transformation of the 
integration space is straightforward. The Jacobian 
of the transformation is 
Vy Vz 2) TV 15 
avi m* 
The average current densities in terms of the 
distribution functions of equations (7) and (11) 
are: 
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While the integrations over v and € are obvious, 
the integrations over ¢ and # have to be done 
separately for the bound and the unbound carriers 
in both cases of the attractive and repulsive 
potentials. 

It is possible to write the average current 
densities in the following symmetrical form: 


Jz = —B), (17) 


Jy = Ey 


+p +p 
where 
=fien, = noS/d, 
and 
S = | (18) 
0 


where d is the extent of the surface space charge 
layer. 

The various galvanomagnetic quantities assume 
the following forms for the single carrier case: 


5 BY 


1 (1 
fige(1— 1 — BY’ 
1—A+A?(1—B)?/(1—A) 
For both electrons and holes: 


(19) 


M=1- 


Q 
Ey = — E, 
c Il 
x +{—Q}}, (20 
+(; | (2%) 
ec 112+ (=o) 
where 


= +B5)(1 — Ae), 


Q = — Be). 
(20b) 
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Jy = — | de |dL | dé | dv sin €. (16) 
m*d . 
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In the limit of small magnetic fields, the expres- 
sions are: 


(1—A®)+fipe(1 — A?) 


Ey = 


Jz = (21) 


(1—B?) 
ec [pup(1— AP) +Mpe(1— 


In the present situation there is great difference 
between the roles played by the two kinds of 
carriers participating in the conduction in the 
channel: one of them is in an attractive surface 
potential while the other is on a repulsive barrier. 
It will be shown subsequently that the scattering 
correction factors A and B are quite different for 
the two cases. In practice it will be necessary to 
consider the two carrier model only for some cases 
of inversion layers. 

Attractive potential. In this case gy < 0, and it 
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is instructive to write the scattering correction 
factors as follows: 


Ag = Aawound)+ Aaunbound, 


Ba = Bawouna)+ Baunvouna)- (22) 
The correction factors Ag(bound) and Ba(bound) per- 
tain to the bound carriers which are constrained 
to move in the attractive potential well and which 
are scattered diffusely at the z = 0 surface and 
reflected specularly at the potential incline. The 
correction factors Ag(unbound) and Ba(unbound) per- 
tain to the unbound carriers which are scattered 
diffusely at the z = 0 surface but can move any- 
where in the thick samples. 

Heretofore‘:5), the contribution of the unbound 
carriers has always been neglected.+ Their contri- 
bution is significant, as could be surmised, only 
at low values of the surface potential. The ratios 
Aa(unbound)/Aa and Ba(unbound)/Ba fall off expo- 
nentially as a function of gys/kT. 

The scattering correction factors assume the 
following specific forms: 


1 


+2) | 


Ag (unbound) 


+ 


ad 


dee~*[(B?— 1) exp(AY>) cos (BAL>)— 


— 28 exp(A#72) sin (BAH) + 1—*], (23b) 
a(bound) ka2n¥/%(1 +B?) 12 1s 22 
(24a) 
B = ~e[2—2 (AF) sin(BAF2 )] 
a (unbound) = + ee~¢[ exp cos( a) exp q) Sin a/I- 


da 


(24b) 


+ In a recent, as yet unpublished, work on Surface Transport in Semiconductors by R. F. GREENE, D. R. 
FRANKL and J. N. ZeMEt, the contribution of the unbound carriers was taken into account and the exact Poisson 
potential was used in the calculations. The author thanks Dr. ZEMEL for showing him the manuscript with 


the numerical results. 
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Wherein the various symbols have the following 


meanings 
S / m* 
\2kT 


e = é/kT, 


(25a) 


(25b) 
(25c) 


(25d) 


ly = | dee~¢ exp[£2(y+iB)], 


y may be 0,1 or 2. The subscripts # or FZ in the 
last integral refer to the real and imaginary com- 
ponents, respectively. 

In the limit of small (or zero) magnetic fields, 
such that fp? < 1, the scattering correction factors 
assume the following simple forms which are 
independent of 


1 


A° 
Ka2\/7 


+ | dee~*[2+ —2) exp 


€a 
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In the limit of small magnetic fields 


A® = j (28a) 


1 
Bo = dee[2+ —2)exp(AL2)]. 

Kr 
(28b) 


The thin film. 'The sample is thin enough so 
that both ff and ff are determined by the boundary 
scattering at the z = 0 and the z = d surfaces, 
respectively. ff is given by equation (12a) and 
ff is given by equation (12b). 

The average current densities and the various 
galvanomagnetic parameters have the same forms 
as those in equations (17)-(21), only now 4a, 4, 
and p are simply the bulk conductivities and carrier 
densities, and the integral S becomes simply 
d—the sample’s thickness. 


(26a) 


dee~*[3 + (L3 —2) exp(L>)+(L2 —1) exp (2H7)]+ 


(26b) 


Repulsive potential. In this case gy > 0 and the scattering correction factors assume the following 


formst: 


2) 


ky + J 


1 


1 
dee~*{2—2 exp (A-L2) cos(BAL2)+ 


| dee~¢[(B2— 1)exp )cos(BA.L3)— 28 exp sin(BAL)+1—B2], (27a) 


— 


exp (A#7) (27b) 


+ The equations (23) and (24), as written, are pertinent to the space-charge region of thickness d adjacent to the 


sample’s z = 


0 surface and far removed from the other surface; in this case €¢ = 0. These equations can pertain to 


a sample of arbitrary thickness (provided that the direction of the space-charge electrostatic field does not alter) 


in the case when €g may not be zero if a factor »f 2 is introduced in front of Aa(unbouna) and Ba(unbouna). 


Thus 


the effects of both surfaces are included, and equations (23) and (24) describe the correction factors for a 


sample of arbitrary thickness d. 


t The equations (26), (27) pertain to the case when the surface space-charge layer of thickness d is far removed 


enn the sample’s other surface. In the case that d is the sample’s full thickness (and «a may not be zero), then the 
expressions for A and B for the repulsive potential will have the same form as they do for the attractive potential 
—because carriers which are in an attractive potential at the z=0 surface are in a repulsive potential at the z =d surface. 


‘ 
AL> = L> —L> 
d ad ad 
€4 
€ 
V lie 
i 
Bo = 
a 
1 
B 
: 


The scattering correction factors A and B are nowt: 
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Ap = y+ 
Br = |-2F Ph +1] 
F= exp (—m* v2/2kT) exp (30) 


ritual 


| 


Col) 


10 


Fic. 1. Thin film, single type carrier. The relative Hall 
constant, Hall field (or Hall mobility, Ro) and conductivity 
mobility in the limit of small magnetic fields. 


Subscripts # and Y refer to the real and imaginary 
parts, respectively, and « is a dimensionless 
parameter related to the ratio of the film’s thick- 
ness to the mean free path (see equation (25a)): 
K = (m*/2kT)\/2d/r. In the limit of infinitely large 
magnetic fields both Fg and Fy go to zero. Con- 
sequently: 
1 
B, = 0. 


In the limit of small magnetic fields: 
2 


+ In case we are interested in the properties of a thin 
layer of thickness d adjacent to the -z = 0 surface of a 
thick sample, then the pertinent correction factors A and 
B are simplv half of those in equation (29). 


2m* \ 1/2 

dv, exp(—m*/2kTv?) x 

x exp(—d/rvz). 

Figure 1 depicts the ratios of the various 
galvanomagnetic properties of the thin film to 
those of the bulk in the limit of small magnetic 
fields (for a single type of carrier). The following 
notation is used: 


J-(film) offilm) _ (film) 


Cle) = = = (bulky 
R(film) 

C(R) = ——., 
R(bulk) 


E,film) (film) 


= = , where 
E,(bulk) (bulk) 


C(Ex) 
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Fic. 2. Thin film, single type carrier. The relative conductivity 
mobility (right ordinate; the upward and downward arrows 
indicate positions of minima and maxima, respectively), and 
the magnetoresistance (left ordinate). 


Note that C(R) is greater than unity, and for this The physical reason for the existence of a magneto- 
reason the Hall mobility of the film differs from _ resistance has been mentioned in the introduction; 
that of the bulk to a lesser extent than do the _ the source of the oscillation in the conductivity is 
conductivity mobilities. the oscillation in the speed of the carrier in a 

Figures 2 and 3 depict the other galvanomagnetic _ trochoidal path in perpendicular electric and mag- 
quantities. Note that the current exhibits damped netic fields, as was shown by CHAMBERS‘) who 
oscillations as a function of the magnetic field. referred to the form of the distribution function 
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Fic. 3. Thin film, single type carrier. The relative Hall constant 
(right ordinate), and the relative Hall field (left ordinate; the 
latter equals the relative Hall mobility Ro). 
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in that case. A somewhat simpler point of view is 
the following: but for the scattering (bulk as well 
as surface), the carrier would move in a trochoidal 
path with a net velocity along the y axis only. 
Since the thin film’s dimension d is comparable to 
(or smaller than) the carrier’s bulk mean free path, 
we may concern ouselves with the surface scatter- 
ing alone. The period of the orbit is 27m*c eH, 

and the time which it takes for the carriers to get 
from one scattering surface to the other is d/@,, 
where @, is its mean thermal velocity along the 
thin axis. In that time, then, the carrier traverses 
a fraction deH 27m*ci, of a turn. The period of 
oscillation will be related to a change in that 
fraction by unity—which means a change in the 
magnetic field by the amount 27m*cGz/ed. Since 
the radius of the orbit is inversely proportional to 
H, it would require a larger magnetic field to 
impart a circular character to the orbit in a thinner 
film. Further, after H has become sufficiently 
large, the orbit is so small that a number of turns 
is completed before the carrier reaches the surface, 


A. AMITH 


bulk.f We can expect that the main contribution 
of the surface scattering will take place within a 
mean free path or so from the surface. We may 
suppose, then, that this linear approximation 
would become worse in materials wherein the 
extent of the space-charge region is of the order 
of the mean free path or less. In such cases, 
especially when accompanied by very high surface 
fields, there are also a number of other con- 
siderations4:15) which become of increasing con- 
cern.§ We shall take the potential to be positive; 
the electrostatic field, then, is negative and attrac- 
tive to electrons. Ag and By will be the scattering 
correction factors for electrons; A, and B, will 
pertain to holes. 

We introduce the following symbols6-17) ; 


ekT 
u = ep/kT, Lp =———and = po/no, (31) 
where e is the dielectric constant of the material, 
and mj; is the intrinsic carrier density. 
Using the truncated linear potential we obtain: 


Se = (1—e%)Lp/Es > 0, Sy = > 0, 
Gr = = (et (32) 
I, = e%—exp [—2a(y+18)v/ us] + iB) exp [us + + + oy + 


—erf +1B)>}, 


and the magnetoresistance tends to a limit which 
is smaller than its value at the very low magnetic 
field. 

When two kinds of carriers with different 
mobilities are taken into account (as in the case 
of intrinsic germanium), the oscillations become 
almost completely smeared out. 


The linear truncated potential 

In the computations which involve the surface 
space-charge layer, + we shall use a linear potential 
(i.e. a constant surface field) which is truncated 
when it reaches the value of the potential in the 


+ The S integrals, when they weigh the carrier den- 
sities, as in equation (18), can be evaluated easily by using 
the correct Poisson equation for the potential. However, 
when these integrals appear in the expressions for A and 
B, they have to be evaluated using the truncated poten- 
tial approximation. 


where 
Lp 

>0 

and E; is the electrostatic field at the surface.|| 

In the calculation in this part it was assumed that 
electrons and holes have the same effective masses 
and the same relaxation time.{{ Consequently, 


t Such a truncated linear potential was also used, in- 
dependently, by ZEMEL"?) and FLIETNER'!9), 

§ The present work assumes that the energy contours 
are spherical and that the effective mass is a scalar. Since 
this is not so for real semiconductors, it can be expected 
that comparisons of transport studies on surfaces with 
different crystallographic orientations would be interest- 
ing indeed. 

|| The dependence of E upon u and J is given in Refs. 
16 and 17. 


m*/mo = 0-55, pe = 3900 cm?V-! 
Lp = 9-76 x 107° cm. 


4 
te 
| 


all data for holes are pertinent to electrons 
in a repulsive potential (the sign of u is reversed 
and becomes negative) after A has been replaced 
by A~!. Although the calculations are over a large 
range of surface potentials, it has to be borne in 
mind that some of them are of no practical interest 
in germanium because they correspond to highly 
degenerate surface layers. The maximum values 
of the surface potentials allowable without causing 
degeneracy are: 


107 10° 107 1 10 10 10 
approx. max. Us: 


Galvanomagnetic parameters and effective mobilities 


Unlike the case of the thin film, where the 
definition of a conductivity effective mobility or a 
Hall effective mobility is simple and straight- 
forward, there are some alternate ways of choosing 
a meaningful definition for the effective mobilities 
of carriers in a surface space-charge layer. This is 
because of the ambiguity inherent in separating 
the sample’s thickness into a surface layer and a 
bulk especially since the separation of the two* 
depends upon the value of the surface potential. 
When such a separation is accomplished, then 
there are some simple circuit relations?) between 
the properties of the whole sample and those of 
the bulk and surface layers. + 
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Low magnetic fields 

If we follow the manner in which effective 
mobilities have been defined in the case of the 
thin film, from the average current density flowing 
in the space-charge layer, then for electrons: 


= pe(1—A?), 
and for holes: 
= Ap). (33) 


This quantity is plotted for electrons in Fig. 4. 
In Fig. 5 is plotted 2 at low surface potentials. 
Note that the effects of surface scattering on holes 
increase aS us decreases, whereas the effects on 
electrons increase as us increases. The reason for 
this is that as us decreases, more holes reach the 
surface and they move in a layer of decreasing 
thickness. In the case of electrons, on the other 
hand, the scattering effects are due primarily to 
the bound carriers which move in a potential 
well; this well becomes deeper and narrower at 
the bottom as us increases. When ug goes to zero, 
the effective mobility of the electrons still differs 
from their bulk mobility because of the increasing 
contribution of the unbound electrons in the 
surface layer of decreasing thickness. In a strict 
sense there is a discontinuity in the effective 
mobilities at us = 0. As us approaches zero, the 
width of the space-charge layer eventually col- 
lapses to zero. The unbound electrons, which are 


* Whichever way we define the thiduee of the surface space-charge layer, it depends upon the pe 


properties and upon the value of the surface potential(18). 


+ The relationships given in part I.A of Ref. 7 are valid only for small magnetic fields. More general re- 


lationships can be derived in a straightforward manner: 


I,(total) = 


1 [(1—A)ds-+ odo}? + ody? 


Es A)det- od 
+P )dst+oa otf? 


[a(1—B)ds+ ody}? 
G1—A)ds+ ody 


o(total) = 
(ds+d»)(1 +B?) 


do) 


&(1—A)ds+odp 


G(1—B)ds+ody | 


H [a(1 — A)ds+ ody]? + B2[a(1 — B)ds+ ody}? 


where ds; and dp are the thicknesses of the surface layer and the bulk, respectively. 7 is given in equation (18). 


These reduce to expressions (2) and (3) of Ref. 7 when P? is neglected. What is designated there as os corre- 


sponds (for low magnetic fields) to our ¢ (1—A?®). 
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the only ones left, have zero mobilities in this 
collapsed space-charge region. Yet in a physical 
sense this is the case where there is no surface 
potential and no distinguishable surface layer. The 
A° and B® factors are no longer pertinent and all 
that need be considered is a thick sample in which 
the carriers have the bulk mobility. In drawing 
the smoothed curves this discontinuity is not 
brought forth. 

As one alternative to the definitions of equation 
(33), the effective mobilities may be assigned only 


where 


(36a) 


(36b) 


The effective mobilities 74° are compared with 
pw’, in Fig. 4. 74° are shown in detail in Fig. 6. 
At high values of us, 1” and uw“? are the same. At 
low values of us, <p? and ue for 
reasons which are obvious from comparison of 


Fic. 6. for low surface potentials. 


to those carriers which are attracted to the surface 
(or those left there) by the surface potential. The 
conductivity in the presence of the surface 
potential is: 


o1 = poepnd-1S)(1 — A®) + — A®). (34) 


If one subtracts from this the bulk conductivity, 
then one may write: 


Ac = Apepp? + Anep>’, (35) 


equations (36) and (33). The effects of the scatter- 
ing are ascribed to all the carriers in equation (33), 
whereas they are ascribed to the excess carriers 
alone iri equation (36); this results in the in- 
equalitics noted above, because in the case of 
holes the excess is a negative quantity. 

Instead of subtracting from oj (equation 34) the 
bulk conductivity, we could subtract from it the 
conductivity of a layer of the same thickness d 
in which there is no surface potential. The con- 
ductivity in a layer of thickness d, adjacent to 
z= 0, in the absence of a surface potential 
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Fic. 7. The field effect mobility as compared to bulk 
mobility of electrons. The dashed curves show the same 
quantity in the absence of surface scattering (here was 


employed the ratio pr/pe = 19/13). 


would be 
= (37) 


where 


1 
= 


see equation (29) and footnote! 

Subtraction of equation (37) from equation (34) 
yields a change in conductivity which is identical 
in form with equation (35) but where the effective 
mobilities are defined differently. To obtain these 
new effective mobilities 44° and u>’, we have to 
subtract from the numerators of equation (36), 
the quantities &. and iy respectively. In the 
effective mobilities thus defined, one always 
subtracts those scattering effects which are 


present, without the existence of a surface poten- 
tial, in a layer which has the thickness of the 
space-charge layer. This means that for each 
value of A and us, the thickness d has to be deduced 
from the spatial dependence of u, and the scattering 
correction factor Af, has to be evaluated for a layer 
of that thickness d(us, 4). Such a procedure results 
in a formal separation of the scattering effects 
which are due to the existence of a surface poten- 
tial, from those which are present in the absence 
of the latter. Note that 4°/u,. and oad would 
both approach 1 smoothly as us goes to zero. 

A “field effect mobility” can be defined as the 
rate of change of Ao equation (35) with change 
in the charge density in the space-charge layer; 
since 


p = ed\(poSp,—noSe) 
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RELATIVE o 


Fic. 8. The relative conductivity in the space-charge 

layer, i.e. the conductivity under conditions of totally 

diffuse scattering as compared to the conductivity with- 
out any surface scattering. 
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7 An 
Cus no 
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ig is plotted in Fig. 7. 

If we wish to subtract out the scattering effects 
which obtain in the layer of thickness d in the 
absence of a surface potential, then we have to 
subtract dA’, from the SA® terms, for the appropri- 
ate type of carriers. Note that the dependence of 
the thickness d upon us was not taken into account 
here. This definition of the field effect mobility 
differs from ScurIEFFER’s definition,“@) which is 
@Ao/éQ, where Q is the total charge in the space- 
charge region. The latter definition has advantages 


(38) 


with respect to correlation with field effect experi- 
ments, because Q is simply related to Es by 
Gauss’s law. However, the effects of surface 
scattering are evident more sharply in the present 

One manner to define the Hall mobility is‘) by 
multiplying the Hall constant by the conductivity 
o squared 


= (c/ne)Ro®. 


The ratios of these Hall mobilities in the space- 
charge layer to the bulk mobilities for electrons 
and holes, respectively, are: 


(40) 


in this 


(39) 


The relative* Hall mobilities defined 


* By “relative’’ we always mean the quantity in the 
presence of surface scattering as compared to what it 
would be if there were no diffuse surface scattering. 
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manner, are compared) with the corresponding 
nu? effective mobilities in Fig. 9. 

If we are in a region where the conductivity is 
due tu one type of carrier alone, then we may 
talk of another Hall mobility: 


= Ro, (41) 
whence 
1-B. 1— Bp 


which are proportional to 1—A, and sometimes 
smaller; in the thin film case they were usually 
larger. 

In Fig. 11 are plotted the relative Hall constants 


A2Sp—Se 
[A2S,(1 — A?) +.S(1 — A®)}? / 


(44) 


and the regions where this quantity corresponds 
to the case of a single type of carrier are marked. 


AND RELATIVE (Ro 


He 
Pe 
T 


L 


/ 
4 


Z 


“4 
iil 


dul, 


1 


° 2 4 6 8 


Fic. 9. The relative Hall mobility (< Ro?>?!/?) for elec- 
trons (dashed curve) compared to p?/pe (solid curve). 


Hall fields for the corresponding one carrier cases, 
In Fig. 10 is plotted the relative Hall field, 


A2S,(1— — B° Sef 1—B?° A2,S,— Se 
4 h (43) 


A®) + S(1—A®)/ Se’ 


and the regions where the single carrier model 
applies are designated by heavy lines. Note that 
these effective Hall mobilities, which are pro- 
portional to (1—B)/(1—A), are sometimes larger 
than the conductivity effective mobilities 7, 


In Figs. 10 and 11 it is noted that the curves 
for A2 = 107 and A2 = 108 become negative (the 
negative portions are not drawn in the figures). 
This is due to the fact that the Hall field and the 
Hall constant in presence of scattering do not 
reverse their signs where they would do so in the 
absence of scattering. 


Arbitrary magnetic fields 
We shall restrict ourselves here to the case 
where the conduction process is due to a single 


; These quantities are identical with the relative ee 
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(NEG) seh 


RELATIVE HALL FIELD AND HALL MOBILITIES (Ro) 


Fic. 10. The relative Hall field. The heavy lines repre- 
sent pj! /un for A2 = 10? and 10 near the origin, and all 
other heavy lines represent p//ye; these represent the 
ranges where the conductivities are due to a single type 
of carrier. 


type of carrier alone.* The conductivity effective orbit. The thickness of the potential well in which 
mobility becomes a carrier is constrained to move depends upon the 
latter’s energy—hence any oscillatory behavior 
274 2 sy—he y oscillatory 
= — Ae +B,(1 — Be)?/(1 — Ae)}/(1 would be smeared out. Only in the extremely 
(45) narrow channels are the effects of the magnetic 

The Hall effective mobility Ro is field noticeable. 


(46) CONCLUSION 

The galvanomagnetic properties have been for- 
These quantities are plotted in Fig. 12, Note the mulated for thin films and for surface space-charge 
different behavior exhibited by these quantities layers. They have been evaluated in terms of 
in the present case as compared to their behavior normalized parameters for the one carrier case, 
in the case of the thin film (Figs. 2 and 3). In the and for room temperature germanium in the two 
case of the thin film, the oscillations in the effective carrier case. + It was noticed that the effects of the 
mobilities (in the case of the single type of carrier) surface potential are severe and there is no simple 
were intimately tied to the relation between the way of comparing the behavior of the various 
film’s thickness and the radius of the carrier’s parameters to the case of the thin film. One should 
be aware of the limitation in the approach adopted 


* This actually pertains to a sample of total thickness 
d with a space-charge layer ; it was noted in the footnote ft 
on page 281 that for arbitrary magnetic fields one could 
not separate the bulk from the surface layer as one had 
done for low magnetic fields. 


t In Ref. 6 it was noted that there are significant 
contributions from the light holes. These were not 
taken into account here, since we assumed that mobilities 
of all carriers are the same. 
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Fic. 11. The relative Hall constant. The heavy lines 

represent 1 —B®/(1—A®)? which is the relative Hall con- 

stant for a single type of carrier. Near the origin, for 

A2 = 107 and 10%, it is the relative Hall constant for 
holes; elsewhere for electrons. 


here, which uses the bulk relaxation time in the 
transport equation. As the region under con- 
sideration becomes thinner and thinner one is 
hard put to justify this procedure, because no 
part of the region can be classified as bulk. What 
seems to be required is a fundamental approach 
in terms of integral collision operators to define 
the pertinent relaxation time which is to be used 
in the transport equation. It is most unlikely that 
such a relaxation time for the thin film or the space- 
charge layer would not differ from the one in the 
bulk. Another significant point is that had the 
anisotropy of the energy surfaces been taken into 
account, then the effective mobilities in the surface 
layer would have been smaller than the bulk 
mobilities (in a manner dependent on crystal- 
lographic orientation) even in the case of perfectly 
specular reflection. 
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APPENDIX 


Mixed specular and diffuse scattering 

In this case a fraction r of all carriers impinging upon 
the surface undergo elastic collisions and are reflected 
specularly. Consider the situation at the z = 0 surface: 
the distribution function of carriers leaving that surface 
is fot+f,; (vz), that of carriers approaching that surface is 
Jo+f, (vz). A fraction of the carriers moving toward the 
surface are reflected specularly, after which they are 
described by the distribution function r[fo+f>(—vz)]; 
the remainder of the carriers are scattered diffusely 
and are described by the distribution function gi"), 
Hence 


(ez) = (—vz)] +81. 


At the scattering surface z = 0, the function gi which 
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describes the diffusely scattered carriers has to be in- 
dependent of their sense of motion. Consequently: 
atz =0 


(ez) = (A 1a) 
The condition on f“(vz) depends upon the specific case 
under study, as shown below. 

Attractive potential. In addition to the requirement 
(A la) at z = 0, there is the condition of specular re- 
flection at the potential incline: 


atz = 2p 
(v2) = 


The distribution functions which satisfy these require- 
ments are: 


f, i (vz) = @>(vz) 


(A 1b) 


kT(1+ 6?) 
x exp(ALY*){X cos (BAL>)+ sin (BAL*)}, 
(A 2a) 
and 
grvfo 
kT(1+82) 
x {X[exp cos (BLF)+ cos (BL)]+ 
+ Y[exp(#3) sin (B73 )+sin(BL)]}, (A 2b) 


where: 


—a<(—vz) 
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No surface potential. In this case, which is restricted 
to thin films, there is a condition at the z = d surface in 
addition to equation (A 1a): 


atz = dé. 


FF rf? (—vz). 


The general forms of the distribution functions which 
satisfy these requirements are: 


RT(1-+B2) 


x exp(—2/rvz)) X cos —-—Y sin——}, (A 4a) 
TUz rv; 
qrvfo 
<(v2) = —a<(v,) ———- x 
2) 1 ( 2) kT(1 +?) 
d—z 
x X cos8 ——+Y sinB 
TUz TVUz 
A 4b 
where: 
a<(vz 
(vz) 
d d) 
1—r exp( Fd/7vz) {cos Y X-! sin Ba 
TUz 


1-7 


ax (vz) = 


and 
a<(—vz) = a>(vz). 


When the scattering is totally diffuse, r = 0 and the @ 
coefficients are all unity. The distribution functions 
given by equations (A 2) then become those derived 
previously and given by equations (7) and (11), respec- 
tively. When the scattering is purely specular, ry = 1 and 
the & coefficients are all zero. The distribution functions 
then become simply f°, that is the bulk functions given 
by equation (9). 

When the sample is thick, f< for the unbound carriers 
is simply f°? and @ reduces to 1—r. 

Repulsive potential. The functions f* and f< for the un- 
bound carriers are identical in form with the analogous 
functions in the case of the attractive potential. f” for 
the bound carriers can be obtained in a fashion similar 
to that employed in obtaining f~ for the bound carriers 
in the case of an attractive potential. As was stated 
before, however, f< will be simply f° because of the 
sample’s thickness, and & will be simply 1—r. 


U 


1+r exp(+ [cos(8L3)+ sin(BL2)]} 
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1. SURFACE CONDUCTIVITY 

OnE can induce in a semiconductor slab a surface 
space-charge layer containing enough excess free 
carriers to alter strongly the conductance parallel 
to the surface.) This is, of course, characteristic of 
semiconductors: Metals have so many bulk 
electrons available for electrostatic shielding that 
space-charge layers cannot extend much beyond 
an interatomic spacing into the bulk. The key 
quantities in surface transport are then the surface 
excesses(?—5) of electrons and holes: 


AN = | dz(n—ng) (1a) 
0 


AP = [as(p—ps), (1b) 


(n and p are the electron and hole concentrations. 
Subscript B denotes bulk values) and the corre- 
sponding effective surface mobilities ns and pps: 
These are defined by writing the integrated current 
density across a thick slab (thickness 2d) as 


2d 
I= | dz j(z) = Ip+2EAo (2a) 
0 


where 
Ac = eunsAN + eupsAP. (2b) 


Here Jp is the flat-band value and Ac is the surface 
conductivity corresponding to carrier excesses on 
each face. 

By means of Poisson’s equation AN and AP 
can be expressed as a function of the surface 
potential excess (us —ug)(kT/e). It is not hard to 
see that Ac should have a minimum) Ano at 
some value of Asu = (us—ug) for which AN and 
AP are both small. In fact if wns and pps are taken 
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to be constants one can express Ao as a function 
of Asu by means of the exact formulas) 


Asu 
AN = ngLp | dAu (exp Au—1)/F(Au,uz), 
0 
(Au = u—upz) (3a) 


Asu 


AP = | dAu (exp(—Au)—1)/F(Au,up) 
(3b) 


where(?) 
Lp = («kT (3c) 
and 


F = 2 sinh($Au)[cosh ug+g(Au)sinh ug}/2 (3d) 
and 

g = (sinh Au—Au)/(cosh Au—1) (3e) 
Then the conductivity minimum occurs at) 


Asmu = (4) 


When the bulk is intrinsic an explicit expression 
for Ac results: 


AN = 2L pn; [exp(Asu/2)—1] 
AP = 
One then finds 

Ao = 4L 4(Asmu—Agu)— 

—cosh 4Asmu], ug = 0 (6) 

Then from measurements of (Ac— Amo)/Amo one 
can get us, using equation (4). When ug ¥ 0, one 
must use equation (3) and proceed numerically. 

This situation became less simple when 
SCHRIEFFER") pointed out that surface scattering 


should depress png and pps below pn and pp, 
respectively, and that »s and pps should depend 


(uz = 0) (5a) 
(up = 0) (5b) 
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upon Asu. As Asuw is increased, for example, the 
average excess electron is held closer to the surface 
and therefore suffers more surface scattering and 
has a lower mobility. SCHRIEFFER gave a Boltz- 
mann equation treatment of the transport, follow- 
ing Fucus’ -%) analysis of transport in thin metal 
films. Fucus represents the surface scattering by 
a boundary condition on the distribution function. 
The Fuchs b.c., corresponding to a diffusely 
scattering surface, is expressed as the suppression 
of the transport term f; of f for electrons leaving 
the surface: 


fi = Oforz = Oandv, > 0 (7) 


SCHRIEFFER took the key step of introducing the 
space-charge potential explicitly into the equi- 
librium distribution function fo and thence into 
the Boltzmann equation. The resulting boundary 
value problem was solved by an elegant trans- 
formation, and an expression for the current 
obtained. This gave formulas for jins/un which 
decrease monotonically from unity to zero as the 
bands are bent downward at the surface. 

The exact shape of the space charge potential 
function has to be obtained numerically“ from 
Poisson’s equation. That function is generally in- 
volved in surface transport integrals and makes 
surface theory much more awkward mathematically 
than bulk theory. Extensive numerical evaluation 
is usually required except when the crudest 
assumptions and approximations are made (e.g. it 
has so far been necessary to treat the bulk relaxation 
time 7 as a constant). 

In ScHRIEFFER’S treatment approximate potential 
functions are used which are accurate near the sur- 
face but which diverge linearly into the bulk in- 
stead of asymptoting to the finite value ug. (The 
expression for Zz used in equation (22) of Ref. 6 
becomes a non-zero constant when eys/kT = Au is 
set equal to eys/kT = Agu). There is, moreover, a 
corresponding deficiency in the formalism (i.e. in 
the boundary value problem) which suppresses the 
bulk current and which gives incorrect expressions 
for 

Several attempts have been made to improve 
these aspects of the theory. ZEMEL"® used a 
linearized potential function, truncated at ug, in 
the SCHRIEFFER formalism. FRANKL“!) and, inde- 
pendently, GREENE?) used the exact potential 
function and revised the formalism. Recently 
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FLIETNER) has used a truncated-linear potential 
but with an incorrect Boltzmann boundary value 
treatment. The theory, as reworked by GREENE 
et al.4) may be compared with SCHRIEFFER’S 
treatment as follows*: SCHRIEFFER introduces the 
space-charge potential function 


u = In(m/nj) = —I1n( p/m) (8) 
explicitly into the equilibrium distribution func- 
tion 

fo = exp(u—mv?/2kT). (9) 
Applying this to the Boltzmann equation 
v.V/— eE .Vpf =filt, f=foth, (10) 
and taking FE, = (applied field), Ez = —(kT/e) 
(éu/éz) = (equilibrium field), applying planar 
symmetry conditions, the Ohmic transport 
equation 
fi = (11a) 
was obtained, ) where 
fu = ervzEzfo’ = —ervzEzfo/kT. 


The £;f; term of equation (11a) is missing from 
Ohmic transport equations for metals‘: 9) because 
there macroscopic equilibrium fields are screened 
out. SCHRIEFFER simplified equation (11) by 
LAGRANGE’s method !5) whereby a special solution 


(12) 


(11b) 


v(2,vz) = mv; /2kT—u+ constant 


provides a transformation from (z, vz) space to 
(v,vz) space in which equation (10) becomes 


(€/0vz)fieX = (v = const.) (13) 
Uz 
K = K(v;z,vm) = | m dv;/erEz, (v = const.) 
The Fuchs b.c. is then applied® in the form 
= 9 (15) 


where wz; is the velocity of an electron leaving the 
surface with “energy” v. If u(z) is assumed to in- 
crease monotonically and without bound, as in 
SCHRIEFFER’S treatment, equation (13) may be 
integrated over the range (vzs > vz > — zs). But if 
u(z) is bounded above by ug then the foregoing 
statement is incorrect for electrons with v > 0, 


(14) 


* The notation of Ref. 14 is used throughout. 


‘ 
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taking the constant in equation (12) as ug. For 
these electrons, which are not bound to the surface 
space-charge layer, the positiveness of mv?/2 
splits the range of vz into two non-contiguous 
parts: 


Uzs > vz > vg and —vzR > vz > —vzs, (16) 


where vz is the positive z-velocity of an electron 
in the bulk havingv > 0. Thus for vy > 0 an additional 
b.c. is needed. This must be taken as(14) 


= fu (v > 9) (17) 


in order to make f; fit smoothly onto the bulk dis- 
tribution function. 

It may be noted that one cannot specify both 
filv,vzs) and fi(v,—vzs) because the one may be 
calculated from the other via equation (13). 

From the formal solution of this corrected 
boundary value problem a new expression for the 
current results,“4) having a flat-band term (con- 
taining the bulk current) plus a surface-potential 
dependent term. The latter provides revised ex- 
pressions for yng and pps. For a slab (with two 
surfaces) of width 2d > Lp 


I = + ] + 


+ 2eEx(unsAN + upsAP) (18a) 
where 
An = (18b) 


is a thermal mean free path and where 
= 1—(Annp/AN)[exp(Asu)—1], 
Asu <0 (18c) 


0 
= 1—(Agnp/AN) | dve-”{1 —exp[2Kn(vzs,0)]}, 


—Asu 
Asu > 0 (18d) 
and 
Asu 
2Kn(vzs,0) = | dAu(Au+v)-1/2/F 
(18e) 


with similar expressions for holes. 

Numerical evaluation,“*) using digital com- 
putors, was made of the expressions (18c) and 
(18d) for a range of values of us and ug and for 
various values of the parameter (Lp/An) or (Lp/Ap). 
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corresponding to electrons and holes in germanium 
and silicon at 300°K. Using the data compiled by 
CoNnwELL"®) one finds 


| Ge Si 
| 23 2,270 
Lp/Apn | 54:8 4,610 heavy holes 
Lp/Apt | 18-3 light holes 


Conductivity effective masses were used—some- 
what artificially since a simple spherical band model 
was used in equation (18). The light and heavy 
hole mobilities in germanium were obtained from 
the formula 


(pit = Prepn+ Pippi » (19) 


using pi/pn = 0-0423 given by Lax and Mav- 
ROIDES?) and using the ratio ppi/upn = 8 given 
by Wi tarpson ef al.8) and by ZEMEL and 
Perritz"9), Although the corresponding situation 
in silicon is less clear, p-type silicon was repre- 
sented in the calculation simply by neglecting the 
light holes. 

Results for light holes in germanium are shown 
in Figs. 1 and 2. Cusps occur at the flat band points 
where the two expressions (18c) and (18d) fit to- 
gether giving 4) 


= 1—(Ap/Lp)(cosh ug)'/? (Asu = 0) (20) 


This can be appreciably less (e.g. ups/up = 0°72 
for us = up = 4 in Fig. 2) than SCHRIEFFER’s result 
which is unity. 

A truncated linear approximation of the potential 
function, 


Au = Asu(21—2)/21 for z < 2] (21a) 
Au =0 for z > 2) (21b) 
Asu = F(Asu,ug)z1/Lp, (21c) 


substituted in the expression (18d) gives 
= 1—(expAsu—Asu—1)~! exp(Asu)x 
x {exp 
expAsu)]} (22a) 
where 


a = = (2mkT)!/2/erEzs. (22b) 
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Fic. 1. Surface mobility of light holes in germanium at 300°K vs. bulk potential 
up for various values of surface potential us (theoretical). After GREENE et al.(14) 


This reduces to SCHRIEFFER’s linear approxi- 
mation) 

= 1 —exp(x")(1 —erfz) (23a) 
when 


a(Asu)! 2 <1 


€1 (Asu> 1) (23b) 
The accuracy of equation (22a) is rather low be- 
cause of the crudeness of the approximation: It 
gives twice the exact value of the deviation (1— 
fins/n) in the flat band limit. The fit of equation 
(22a) to the exact result (equation (18d)) could be 
improved by using a field in expression (22b) 
somewhat less than the exact surface value £5. 
This is expected intuitively, since the ‘“‘average”’ 
excess electron is one or two kT above the channel 
bottom and such an electron “‘sees’’ a field of about 


2. QUALITATIVE ARGUMENTS 
The main features of semiconductor surface 
transport can be inferred from rough intuitive 
arguments. Consider a slab of thickness 2d having 
an accumulation layer of thickness LZ on either 
face. From equation (3) it can be seen that this 
thickness is (when A.su is small) 
L (24) 
On the other hand, surface scattering can be 
thought of as producing a stagnation layer of 
thickness ~ A on the surface. In more highly doped 
semiconductors as |wg| increases, the ratio An/L 
increases, a greater fraction of the excess carriers 
are in the stagnation layer, and pns/n decreases, 
This effect can be seen in Figs. 1 and 2. 


| YALL 
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In this simple model the two accumulation 
layers carry a current 


2E xeunns(L—A). (25a) 
and the bulk region carries the current 
eEzpnnp(2d—2L). (25b) 


The total current is then 


I ynppn(2d — 2d) + 2eE,[L(ns— npg) |un(1 —A/L) 
(25c) 


(25d) 


whence 


= 1—A/L. 


(The flat band result, equation (20), is now easily 
understood.) A correction should be made to 
equation (25c) to account for the fact that elec- 
trons moving away from the surface can be surface 
scattered (by “rebounding” from the potential 
wall at L) as well as those moving toward the 
surface. It can be shown !*) that they will then 


Fic. 2. Surface mobility of light holes in germanium at 300°K vs. surface 
potential ws for various values of bulk potential ug (theoretical). 
GREENE et al.(14) 


After 


have a probability 

(A/L) (1 —e-2£/) 
instead of (A/L) of suffering a surface scattering 
before being bulk scattered. Inserting this correc- 
tion in equation (25c) gives 


© 1—(A/L) (1—e-24/4) 


The formal resemblance to equation (18d) emerges 
when K is rewritten, using expression (12), as 


(26) 


(27) 


Lv) 
K=- | dz|rvz 
0 


(28) 


3. THIN SLABS: PARTIALLY SPECULAR 
SURFACES 


Since the proportion of surface to bulk currents 
is increased in thinner slabs, it is useful to extend 
the foregoing theory to cover slabs whose thickness 
2d may be small enough for the two surface space- 
charge layers to coalesce (~10~4 cm). It would also 
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be useful to extend the formalism so that experi- 
mental means could decide to what extent the 
hypothesis of diffuse surface scattering is pre- 
ferable to that of specular surface reflection. These 
two generalizations are easily made,‘!4) using the 
appropriate solution of Poisson’s equation and 
applying Fucus’s scheme®: 9) of interpolating be- 
tween the diffuse model, equation (15), and the 
specular model: fi(vzs) = fi(—vzs). An interpola- 
tion parameter w is introduced such that 


(29) 


fi(vzs) = wfi(—vzs), O< w <1. 


One interprets w loosely as the probability of 
specular reflection rather than diffuse scattering. 
Solution of this boundary value problem“) again 
yields the current expression (18a), but with 
An(1—wn) replacing An, and A,(1—w,) replacing 
Ap: 

= x 


x [exp(Asu)—1], Asu <0 (30a) 


—(1—wn) dv exp(—v+2K)/(1—wn exp2K)], 
—Asu 


Asu > 0 (30by 


4. ELLIPSOIDAL ENERGY SURFACES 

Ellipsoidal energy surfaces were treated by Ham 
and Marrtis®®- 2), For each valley a transformed 
k-space was introduced in which the valley be- 
comes spherical and in which the Boltzmann equa- 
tion boundary value treatment of SCHRIEFFER 
could be applied. (The revised treatment of Ref. 
14 can also be applied.) The conductance so cal- 
culated is then transformed back to physical space 
where, added to the contributions of the other 
valleys, it forms a conductance tensor. For special 
orientations of the surface relative to the crystal 
axes the tensor is isotropic. Little work in this field 
has been published since ScHRIEFFER’s 1956 
review. @)) 


5. MAGNETO-SURFACE EFFECTS 
Surface mobility theory could be tested against 
experiment if an independent means, free of serious 
objections, were available for measuring us. This 
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is not yet the case. Magneto-surface studies, begun 
by Perritz®?) and ZEMEL, circumvent this diffi- 
culty by comparing the theoretical and experi- 
mental relationships of two independent transport 
quantities, such as the change in surface con- 
ductivity versus surface magnetoresistance or 
Hall coefficient. 

In PETRITz’s initial paper(2) the bulk region and 
the space-charge layer were treated as physically 
separated, but connected at the eletrodes. Bulk 
transport theory was applied to both regions so 
that the energy dependence of the bulk relaxation 
time could be considered. Constant mean free 
path, as in lattice scattering, was assumed. A 
model was used having a spherical conduction 
band and spherical heavy and light hole bands. 
Formulas for R/Rmax, Ap/pH?, and (Ac—Amo)/ 
Amo could then be developed from bulk theory 
and the circuit analog. From these, plots of 
R/Rmax versus (Ac—Ameo)/Amo and Ap/pH? 
versus (Ag—Amo)/Amo were made"®), for various 
light to heavy hole mobilities and superimposed 
on experimental plots made from measurements 
on intrinsic germanium. Rather good fit was 
obtained, for nearly flat bands, for heavy to light 
hole mobility ratios between eight and twelve, in 
agreement with WILLARDSON et al.(18) 

To extend this analysis to the case Asu >1 sur- 
face scattering corrections were made, by reducing 
the mobility of all the carriers in the same ratio 
as for the apparent hole mobility. It was recognized, 
however, that greater corrections™®) should be 
made for the light holes than for the heavy holes. 
Moreover, the Hall and magnetoresistivity mobili- 
ties were also reduced in the same ratio. The re- 
sultant plots of R/Rmax and Ap/pH? versus 
(Ac—Amo)/Amo were then superimposed on those 
in which surface scattering was neglected. The 
former lie much closer to the experimental curves 
than do the latter. This provides strong evidence 
for the superiority of the diffuse scattering model 
to the specular reflection model. 

The same effects were shown) on slightly 
p-type germanium by ZeMEL and Petritz. Figure 3 
showing R/Rmax versus (Ac— Amo)/Amo is taken 
from their work. The striking confirmation of the 
diffuse scattering model is clear. The agreement 
between experiment and theory is remarkable, 
considering the serious approximations in the 
latter. 
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Fic. 3. Hall coefficient as a function of the fractional change in surface 
conductance with respect to the conductance minimum. The triangles refer to 
experiment, and the circles refer to theory. Curve (1) uses ZEMEL’s expression. (24) 


Curve (2) uses the square of the conductivity effective mobility for 
<pus?>/<un?>. Curve (3) has the effective mobilities set equal to the bulk 
mobilities (specular surface hypothesis). After ZEMEL and Perritz'?), 


ZEMEL4) has begun the Boltzmann equation 
treatment of magneto-surface effects by general- 
izing the SCHRIEFFER theory to include magnetic 
fields. He applied LAGRANGE’s method again, and 
obtained a solution of the boundary value problem 
from which the galvanomagnetic coefficients were 
calculated. A scattering b.c. was applied, however, 
which suppresses the transport term of f at the 
surface for electrons moving both toward and away 
from the surface. This is stronger than the Fuchs 
b.c., equation (15), and probably overcorrects for 
surface scattering. ZEMEL finds a surface Hall 
mobility about 13 per cent less than the conduc- 
tivity mobility for strong accumulation layers. 
AmiTH®5) has used the revised boundary condition, 
as discussed in Section 1 above, corresponding to 
a finite bulk potential, and has calculated somewhat 
differently defined galvanomagnetic quantities. 

Up to now mathematical complexity has pre- 
vented the use of any but a constant relaxation time 


7 in a Boltzmann equation treatment. This is far 
more serious for the galvanomagnetic effects than 
for the mobility, just as it is in the bulk. 


6. THE SCATTERING BOUNDARY CONDITION 

Although our knowledge of semiconductor sur- 
faces is rather incomplete, it is worth while look- 
ing for the origin of the apparently successful 
Fucus boundary condition, equation (29). It can 
be shown?) that a b.c. of this form may be ex- 
pected from a simple model of the surface, and that 
a value of w ~0 may be expected in germanium 
under ordinary circumstances. 

The model consists of a specular surface con- 
taining a random array of N localized scatterers/ 
cm?, each having a differential scattering cross 
section o(k,k’). A b.c. can be derived by expressing 
the continuity of particle fluxes at the surface. To 
do this it is convenient to replace the physical 
surface by extending the semiconductor to fill all 
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space, and inserting a plane of reflection on which 
the scatterers lie. The fictitious half-space then has 
particle flux densities v@(k) which are related to 
those in the physical half-space by 


v2(k) = (31) 


where k is the reflection of k. 

A flat cylinder enclosing unit area of the surface 
is then envisioned. The flux density v)(k) incident 
from the physical space differs from the flux den- 
sity v)(k) emerging in the same direction in the 
fictitious half-space because of particles scattered 
out of k into other directions k’ and because of 
particles scattered from other directions k’ into 
direction k. Expressing this balance for the cylinder, 
applying equation (31) and the relations 

o(k, k’) = o(k’, k) (32) 
(k) = f(k)e, (33) 
one finds the b.c. 


f(k)—f(k) = (Nor sec) 


where @ is the angle between k and the normal to 
the surface and cr is the total scattering cross 
section of one center. This complicated form can 
be simplified if we recall that 


fi(k) = E.kg(k) for N = 0 (35) 
i.e. in the specular case. Using this for the integral 


in the r.h.s. of equation (34) one finds 6) the Fucus 
form 


Alk)—filk) = (36) 


where 
w= 0 for Nopi1—-& >1 (37a) 
for > (37b) 
w(0) = 0 for < 


where <€> is the mean scattering angle for one 
scatterer. 

If the individual centers are assumed to be 
Coulomb centers with Debye shielding, then one 


finds for thermal electrons at 300°K in germanium 
op(1—& » 3x 107)? cm? 

so that at N ~ 3 x 1011 cm the expected value of 

w(@) is close to zero. It is interesting to recall that 

this is the order of magnitude of fast surface state 

densities in germanium. 2”) 
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What this model assumes is that a clean, perfect 
germanium surface at low temperatures is specular. 
This would be suggested if such a surface has 
translational symmetry in directions parallel to the 
surface. For then exact propagating eigenfunctions 
should exist which carry surface currents. Such 
a surface would not be dissipative until perturbed 
by localized defects or by bulk or Rayleigh 
phonons. 
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DISCUSSION 


A. Many, N. B. Grover, Y. GOLpDSsTEIN and E. 
Harnik (The Hebrew University, Jerusalem, Israel): 
The calculations presented in this paper of uns/pn as a 
function of us employ two basic parameters: the bulk 
potential wz and the ratio of the length An to the Debye 
length Lp, where Lp is given by («kT/87nje?)!/2. This 
latter parameter is extremely temperature sensitive due 
to the exponential dependence of m; on JT. As such it 
is an inconvenient quantity whenever results of calcula- 
tions at different temperatures are required. The purpose 
of this note is to call attention to the fact that in 
extrinsic samples (ug > ~3 for n-type), both ug and 
An/Lp can be replaced by asingle, relatively temperature- 
insensitive parameter A,,/L, where L is the space-charge 
layer thickness defined by (xkT/47e2(Np—Na))!/2. 

In this range the sample constitutes essentially a 
single carrier system, and the general Poisson equation 
for an n-type sample reduces to the simple form 


= e“-“p—1 


to a very good approximation, provided that 
—(us—up)< ~(2ug—3). Thus in terms of the variable 
(u—ug) the barrier shape is independent of ug and is 
characterized by the thickness L. It is, therefore, the 
ratio of the mean free path (Ap) to this parameter which 
can be expected to determine the magnitude of the 
mobility reduction for any value of (ws—usz) in this 
range: The larger this ratio, the smaller is the pns/un 
expected. 

With these physical considerations in mind, the theo- 
retical results of GREENE et al.* as reported in this paper 
were examined. It was found that for the extrinsic range 
under discussion equations (18) can be rewritten to 
within an accuracy of better than 1 per cent in the 
simpler forms 


Agu—1)-1/2(1 —e4s%), 


up >~3, 3-—2ug Asu<0  (18c’) 


= 1-2-1 Asu = 1)-1/2 x 
dve*(1—eF/r), 


up > ~3, Asu > 0 (18d’) 


*R. F. GREENE, D. R. FRANKL and J. N. ZEMEL, 
private communication; also Phys. Rev., to be published. 


where 


f(r) = (22)? x 
Asu 
x | ug > ~3 
(18e’) 


and 
Asu = us—Uup, = An/L Na)! 


It is thus seen that pns/un is indeed independent of uz 
and involves but a single parameter r whose only tem- 
perature dependence is that of the bulk mobility yx. An 
examination of the above expressions shows that for any 
value of Asu, the ratio uns/un decreases monotonically 
with increasing r, as deduced above from physical con- 
siderations. 

The table below illustrates the range of variation of 
these parameters for an n-type sample (Np—Na = 
6:6 x10!%cm-%) at the three temperatures at which 
experimental results have been reported.t 


2:3 x 10-® 
1:2 x 10-10 


The advantages in using the single-carrier approxima- 
tion are immediately apparent. It is seen that in this 
sample the requirement ug > ~3 is amply fulfilled, and 
indeed this will be the case for most samples doped with 
group III or V elements for temperatures below room 
temperature. In place of the two parameters up and 
AnLp (the latter varying over 8 orders of magnitude), 
we have a single parameter A,/L whose temperature 
variation reflects directly that of the mobility reduction. 


+ A. Many, N. B. Grover, Y. GOLDSTEIN and E. 
Harnik, this Conference, Fig. 4, p. 190. 
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